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Abstract
This thesis presents the characterization and calibration of the MOPITT-A in-
strument which uses the technique of correlation spectroscopy to measure carbon
monoxide in the atmosphere. A theoretical model is developed for the instrument
and compared to MOPITT-A measurements collected under controlled laboratory
conditions, which were designed to emulate atmospheric signals. It is shown that
the model and measurements are in very good agreement with each other and that
the MOPITT-A instrument behaves as expected. It was found that the gain of the
instrument varies with time. The cause of the gain variation is not known but it is
suggested that frosting inside the detector nest would be consistent with the observed
nature of the variation.
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Chapter 1
Introduction
1.1 Atmospheric Pollutants
Atmospheric pollution is an important issue in today’s society. With many parts
of the world coming together to acknowledge the problem and trying to deal with
it by measuring and reducing emissions, it is very important to understand how
these emissions act in the atmosphere. One of the first steps in understanding these
pollutants is measuring their presence in the atmosphere.
Two of the largest tropospheric pollutants are carbon monoxide (CO) and car-
bon dioxide (CO2). They are both by-products of processes such as combustion,
biomass burning, and natural vegetation. Carbon monoxide mixes well in the lower
atmosphere and therefore is a fairly long lived molecule. As it is produced almost
exclusively with carbon dioxide it can act as a tracer of CO2 production. The proper-
ties of CO make it an ideal candidate for measurement to further our understanding
of pollution in the lower atmosphere.
1.2 The MOPITT-A Instrument
The Measurement Of Pollution In The Troposphere - Aircraft, MOPITT-A, instru-
ment was built as the Engineering Qualification Model for the satellite based MO-
PITT instrument. MOPITT-A is a 4 channel instrument built for measuring carbon
monoxide and methane in the lower atmosphere of Earth. Each channel consists of a
4 pixel, linear array, indium antimonide (InSb) photo-sensor. The detector measures
light at wavelengths in the infrared region of the spectrum.
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The measurements collected by MOPITT-A must be validated to ensure that it
continues to be an effective measurement tool. Validation experiments were con-
ducted for this instrument in the Optics Laboratory in the Institute for Space and
Atmospheric Studies, University of Saskatchewan. This thesis will discuss the op-
tical system, theoretical background and data reduction techniques employed by
MOPITT-A.
1.3 Outline
This work will begin with a background on carbon monoxide in the atmosphere. This
will be followed by a detailed description of the MOPITT-A internal and external
hardware. Information will be given on the construction, specifications, and use
of each piece of equipment. In addition, a brief description of several historical
MOPITT-A missions is presented.
Radiative transfer theory is discussed in Chapter 3. This chapter will develop
the optical transmission properties of single and multiple absorbing layers at infra-
red wavelengths. Chapter 4 will develop the theory of correlation spectroscopy, as
employed by MOPITT-A, and demonstrate how this technique can be used to retrieve
concentrations of carbon monoxide in the atmosphere.
Chapter 5 provides a description of the laboratory setup used in the character-
ization of the MOPITT-A optical system. It will discuss all the equipment used in
the laboratory experiments along with the determination of the detector positioning
and field-of-view.
A comparison of a theoretical model with controlled laboratory measurements is
presented in Chapter 6. This includes discussion of the detector gain, instrument
response and atmospheric response. The final chapter of this work discusses the
conclusions and the recommendations for future work based on the experimental
outcome.
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Chapter 2
Background
The majority of the general public know of carbon monoxide as a silent killer, a toxic
gas produced as a byproduct of combustion within our furnaces and automobiles.
Several hundred people are killed each year in North America from accidental CO
poisoning. However, scientific measurements of carbon monoxide within the atmo-
sphere are proving most useful and this simple little molecule is substantially in-
creasing our understanding of tropospheric pollution, tropospheric greenhouse gases
and tropospheric dynamics.
Many atmospheric pollutants, including CO, are created at or near the surface
of the Earth where they are injected into the lower troposphere. After injection,
tropospheric dynamics and convective overturning both move the pollutant around
the globe and mix the species with the rest of the troposphere. Short lived pollutants,
like anthropogenic tropospheric ozone (O3) for example, stay close to the source of
production while long lived pollutants, CO2 for example, become thoroughly mixed
throughout the atmosphere.
Carbon monoxide falls in between these two limits and has an atmospheric life-
time of approximately three months (Drummond et al., 2003) that is neither short
nor long. This is sufficiently long that the distribution of CO will undergo global
scale transport effects, but short enough that it does not completely mix. Con-
tinuous global measurements of CO permit tracing of dynamical effects within the
troposphere as well as detection of tropospheric sources of CO. Carbon monoxide is
primarily created through combustion and biomass burning (Houghton, 1992; Hol-
loway, 2000), and is usually accompanied by the creation of CO2. Hence monitoring
the global distribution of CO production sources is a direct proxy for monitoring
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worldwide sources of CO2 production.
Carbon monoxide is removed from the atmosphere through reaction with the
hydroxyl (OH) radical,
CO +OH −→ CO2 +H. (2.1)
This is the main sink of atmospheric CO (Houghton, 1992). The hydroxyl radical
is an important atmospheric molecule, and is occasionally referred to as the tropo-
spheric vacuum cleaner (Thompson, 1992) as it is responsible for cleaning up many
atmospheric pollutants. An over-abundance of CO will cause increased destruction
of OH and a possible increase in other atmospheric pollutants may occur. Measure-
ments of CO and in particular, CO destruction, provide valuable information about
the global distribution of OH, and are particularly useful as direct measurements of
OH are extremely difficult due to its inherent high reactivity (Summers et al., 1997).
High concentrations of CO are found in areas of the Earth where combustion
and biomass burning are greatest, such as South America and Africa. The MOPITT
instrument has gathered information on tropospheric CO for a number of years which
has significantly increased our understanding of the creation and transport of CO
within the atmosphere. The transport of pollutants emitted by biomass burning
over West Africa during spring 2001 was analyzed by Pradier et al. (2006), who
utilized CO data from MOPITT. Their results showed that the main source of CO
comes from low levels (surface to 80 kPa pressure regions) due to biomass burning
(about 18-31%) and inflow (52-55%). They also determined that more than 70%
of CO present at these levels is transported upwards and outwards into the free
troposphere. Therefore, most CO emitted over Western Africa during these months
is transported to the Atlantic through mid tropospheric transport, and east and west
through upper tropospheric transport. The western transports are known causes of
increase to the South American chemical budget, while the eastern transport adds
to the Asian chemical budget.
Edwards et al. (2006), has shown correlation between southern hemisphere an-
nual peak CO loading and the dry season biomass burning in South America, south-
ern Africa, Indonesia and Malaysia, and Australia. This CO loading is then burnt
off in later months due to increased photolysis. It is also shown that the largest
CO variability in the southern hemisphere is due to fire activity from the maritime
areas of Indonesia, Malaysia, etc. and northern Australia. Creation and transport
of CO from region to region is shown to be facilitated by the El Nin˜o Southern
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Oscillation (ENSO) conditions, when present. Therefore, the southern hemisphere
biomass burnings account for the primary source of CO emissions, and a direct link
was shown between fires, fire frequency and intensity, vegetation drying and the
ENSO. Edwards et al. (2006) has also shown southern hemisphere locations where
three large anticyclonic circulations serve as trapping mechanisms for trace gases and
aerosols, leading to an observed build up of pollutants. Emissions from South Amer-
ica are shown to exit the continent to the southeast across the Atlantic. Most African
emissions were found to transport into the Indian Ocean, where strong plumes were
found to transport to Australia in 8-13 days. These emissions are then enhanced
by Australian fires before continued transport across the Pacific. It is also shown
how this transport of CO in the troposphere impacts the clean atmosphere over New
Zealand. MOPITT data was also used to investigate vertical transport of CO over
regions of biomass burning, which showed a large increase in the mixing ratio.
Bowman (2006), has used MOPITT data to show seasonal variations in CO levels.
Figure 2.1 shows a global picture of CO levels from October of 2002, southern hemi-
sphere spring, and from March of 2003, northern hemisphere spring. Three distinct
plumes of CO are seen in South America, Africa, and the maritime continent during
the southern hemisphere spring. As time progresses and the northern hemisphere
moves to spring the southern hemisphere plumes are no longer visible in the same
locations. Also discussed are the levels of CO in the northern hemisphere, and how
they are typically higher in the colder season due to low levels of OH. This leads to
a longer life time for CO as its destruction through the reaction in equation 2 does
not happen as readily.
While MOPITT data have been used to study CO transport from large pro-
duction regions like Africa, it has also been used to study CO distribution in the
northern hemisphere as well. Yurganov et al. (2005) used data from MOPITT to
verify northern hemisphere increase in CO abundance in the summer and autumn
of 2002 and 2003. It was found that an increase in CO abundance was due, most
likely, to strong wild fires. Lamarque et al. (2003) used data from August 2000 to
identify regions affected by large forest fires that occurred in Idaho, Montana, and
Wyoming, and to model the transport of CO released by these fires. It was found
that the CO released by the fires was transported to the northeast coast of Canada,
as well as south towards Florida and the Eastern United States. Figure 2.2 shows
MOPITT data taken over this time period.
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that CO moves into the midlatitudes of the SH. As will be
shown below, this CO is primarily at low levels and could
be due in part to CO sources in the SH midlatitudes.
[19] Figure 2 shows global maps of monthly mean total
column CO for October 2002 (top) and March 2003
(bottom). These two months occur during the respective
spring seasons in the southern and northern hemispheres.
October 2002 is shown here because that year had a larger
than average seasonal CO peak in the SH tropics (see
Figure 1). The climatological geographical distribution of
total column CO is very similar to that for October 2002
(not shown), although maximum values are somewhat
lower. The small-scale wavelike zonal structure of the CO
fields is due to the 3–4 day sampling pattern of the
MOPITT instrument.
[20] During October (Figure 2a) there are three distinct
plumes of CO that originate in South America, Africa, and
the maritime continent. These three CO source regions are
identified in the figure by 15  15 boxes centered on each
region. The CO sources in Africa and South America at this
time of year have been studied in a number of field experi-
ments, notably TRACE A (Transport and Atmospheric
Chemistry near the Equator – Atlantic) and SAFARI
(Southern African Fire – Atmosphere Research Initiative)
during 1992 [Andreae et al., 1996]. One of the primary
goals of these experiments was to determine the source of
large amounts of tropospheric ozone found at this time of
year over the tropical and subtropical Atlantic Ocean
[Fishman et al., 1986, 1996]. The conclusion of those
studies was that South Atlantic ozone during the SH spring
season is due primarily to photochemistry acting on biomass
burning plumes transported from Africa and South America
[Browell et al., 1996]. Note the large meridional gradient of
CO at the southern edges of the plumes near 30S, which is
Figure 2. MOPITT monthly mean daytime column CO for (top) 2002-10 and (bottom) 2003-03. The
boxes located in Africa, the maritime continent, and South America are regions of high seasonal biomass
burning.
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Figure 2.1: Variation in global CO concentrations from Southern H misphere spring
in 2002 (top) and Northern Hemisphere spring in 2003 (bottom). (Bowman, 2006)
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the 700 hPa averaging kernel [Rodgers, 2000] has a
pronounced peak between 500 and 700 hPa, and with some
contribution from 850 hPa [Deeter et al., 2003].
[6] The 2-week binned MOPITT data are displayed in
Figure 2 for the second half of August, i.e. when the fires are
the most active. At that time, the location of the high CO
values over the Idaho/Montana border coincides very well
with the location of the fires (Figure 1). Significant CO
values are also found 500 km downwind, eastward and
northward, of the fires. From the average wind distribution
(Figure 2), the 700-hPa flow at 45–50N over the West
coast is mostly from the west, with a CO background of
approximately 100–120 ppbv upwind of Idaho. Therefore,
the 700-hPa MOPITT CO distribution hints at a considerable
impact of the fires on the summertime CO distribution in the
wake of the fires, with maximum mixing ratios larger than
200 ppbv. Over most of the Midwest and the East Coast, the
MOPITT CO values range between 100 and 150 ppbv.
These values extend all the way to Eastern Canada and the
Atlantic Ocean. Also note the sharp gradient between the
tropical air and the polluted continental air over the Gulf of
Mexico and across Florida. Over all these regions, the CO
distribution in MOPITT is however a combination of back-
ground, anthropogenic, and biomass burning (including
other fires than the ones considered in this study) originating
CO and it is therefore not clear how much the Western fires
are contributing from the analysis of this figure only.
3. Model Experiments and Results
[7] In order to identify the transport patterns of the CO
plumes from the forest fires, we use the NCAR/Max-Planck
Institute chemistry/transport model MOZART-2 [Horowitz
et al., 2003] to follow the evolution of the CO released by
the fires. The goal is also to identify the contribution from
the Western (mostly Montana, Idaho, and Wyoming) fires
only, i.e. their perturbation over the background CO distri-
bution. Therefore, no other CO emission is considered in
this model exercise. The simulation begins on August 1
(with the CO initialized to 0 everywhere) and the results are
analyzed for the second half of August. The meteorological
data were obtained from the NCEP Aviation forecasts. The
model is run at a horizontal resolution of T170, approxi-
mately 50 km over the United States. The model has
42 vertical levels, including 8 under 900 hPa. Such a
resolution should enable a relatively realistic representation
of the transport of CO plumes.
[8] In order to limit the computational cost, the model
simulates the evolution of CO only. The model uses an
August 2000 OH distribution (which is responsible for the
CO chemical loss) from a T42 simulation in which the full
tropospheric chemistry is considered.
[9] The emissions of CO from wildfires are based on the
timing, location, and extent of the Western U.S. fires as
identified by AVHRR. First, we calculated the daily cumu-
lative area for each identified fire. A comparison of the daily
burnt area as calculated from the AVHRR fires extent and
from the United States Forest Service ground reports (http://
www.cidi.org/wildfire/index.html) indicates that our esti-
mate might be low by 25 to 50% (not shown), but with a
consistent time evolution. In this study, we make the
assumption that the CO emissions from the forest fires are
directly proportional to the burnt area. Because most of the
fires in this study were forest fires, we use a single fixed
ratio of 4250 kg of CO per ha of burnt forest [Wotawa and
Trainer, 2000]. This ratio is an average value describing the
active and smoldering phase of the fire [Cofer et al., 1998]
and is based on fuel densities for the boreal forests of
northern Canada and Alaska. Following the analysis of
Leenhouts [1998] (available online http://www.consecol.
org/vol2/iss1/art1), we believe that such fuel loads are
applicable to the fires considered in this study. We also
assumed that the emissions are constant over the course of
one day and set so that the daily area burnt is equal to the
value found from AVHRR. Within these assumptions it is
evaluated that over the course of the month of August, the
fires released an amount of CO (approximately 9 Tg)
equivalent to half the U.S. anthropogenic CO emissions
for August.
Figure 1. Composite of daily distributions of fires from
AVHRR. Each observed fire is colored according to the day
of observation. The thick green line is the COBRA flight
track (see section 3 for details).
Figure 2. Composite map of MOPITT CO (in ppbv)
measurements at 700 hPa (see text for details) for August
16–31, 2000, binned on a regular 0.5  0.5 grid. Average
NCEP wind at 700 hPa is superimposed as wind vectors.
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Figure 2.2: Forest fires in Idaho and Montana in August 2000 showing CO emission
and transport north east and south east (L marque et at., 2003)
Data gathered from the boreal forest area was used to determine temporal profiles
of fire events by Hyer et al. (2007). It was found using data from MOPITT, as well
as other sources, that atmospheric measurements of high-frequency variability of
surface sources are not necessarily sensitive.
The information gathered on the transport and creation of CO by MOPITT is
a valuable resource to the understanding of pollution in the atmosphere. Measure-
ments from tropospheric satellite sensors will play an increasingly important role in
explaining chemistry and transport processes in the lower atmosphere.
2.1 MOPITT-A
The MOPITT-A instrument was built in 1995 and delivered to the University of
Toronto for testing as the Engineering Qualification Model for the MOPITT satel-
lite instrument. It was used to validate that the flight model could supply high
quality measurements. The Engineering Qualification Model was built as a 4 chan-
nel instrument with a 4 pixel detector array for each channel with the ability to
measure both CO and methane (CH4). Measurements taken with the Engineering
Qualification Model allowed changes to be made to the flight model before launch.
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In 1997 the Engineering Qualification Model made measurements that were used as
a base line comparison for the flight model. Afterwards it was decided to upgrade
the Engineering Qualification Model to an aircraft version of the flight model, called
MOPITT-A. The necessary changes were made so it could be secured in a special
pod attached to a wing of a NASA ER-2 plane.
MOPITT-A has been on one flight mission, known as SAFARI-2000, in Southern
Africa. The flight mission was conducted by a science team that included, amongst
others, members from the University of Toronto and University of Saskatchewan.
The Southern African Fire-Atmosphere Regional Science Initiative (SAFARI-2000)
was an international regional science initiative in Southern Africa to study and find
linkages between land and atmospheric processes. The relationship of biogenic, py-
rogenic and anthropogenic emissions and the consequences they have on Southern
Africa were studied. This initiative was part of the Southern Tropical Atlantic Re-
search Experiment (STARE) and was conducted by a number of scientific instru-
ments including MOPITT-A. There were six separate instruments on the ER-2 and
three other airborne instruments. This suite of instrumentation measured a range of
data, from aerosols and clouds to upward and downward solar flux. Information on
the SAFARI-2000 mission is briefly outlined in Andreae et al. (1996).
MOPITT-A collected data during the SAFARI campaign throughout Mozam-
bique, Malawi, South Africa and the coast of the Indian Ocean on various flight
paths. These flight paths took MOPITT-A over industrial sites, power plants, and
large areas of biomass burning. The data were analyzed at the University of Toronto
upon return from the campaign. It was found that the MOPITT-A internal black-
bodies, which are used to produce a 3-point calibration, were not properly insulated.
This caused a non-linear trend to occur, resulting in significant calibration issues.
Even with these limitations, the campaign was a success. Apart from the scientific
return, a great deal was learned about how to improve the instrument for future
campaigns (Jounot et al., 2002).
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2.2 MOPITT-A Instrument Description
The MOPITT and MOPITT-A instruments both use the technique of correlation
spectroscopy to infer CO and CH4 concentrations in the atmosphere. Briefly, the
technique measures upwelling radiation from the surface that is modified by both
absorption and emission from any CO or CH4 that is present in the atmosphere.
This radiation contains the spectroscopic signature of any CO or CH4 between the
instrument and the ground. The key to the technique is to direct the atmospheric
radiation through a gas-cell filled with the target species, either CO or CH4, and
another identical gas-cell which is empty. The spectroscopic signature in the atmo-
spheric signal is aligned with the absorption features of the target species in the
filled gas-cell while no spectral alignment occurs in the empty cell. The difference
between the signal emerging from each cell permits the spectroscopic signature orig-
inally present in the atmospheric radiation to be determined. Inversion schemes can
then be applied to derive concentrations of CO and CH4 in the atmosphere.
The MOPITT instrument uses 8 spectral windows to measure CO and CH4 while
MOPITT-A only uses 4 channels, which are identical to the upper 4 channels (5, 6,
7, 8) of MOPITT. In reality, the full and empty gas-cells in each spectral window
are made from one physical gas-cell, of which there are two types. The first type of
gas-cell is a length modulated cell (LMC) that physically rotates around an axis to
introduce long and short optical path lengths into the radiation beam. The second
type of cell is a pressure modulated cell (PMC) that uses a small piston to modulate
the pressure of gas inside the cell. The change in pressure introduces a change in
number density which, in turn, provides long and short optical path lengths. A
schematic of the 4 channels used in MOPITT-A is shown in Figure 2.3. In this work
we focus on channel 5 which uses a length modulated cell to measure CO at 4.7µ.
In practice, MOPITT-A is a complicated piece of hardware. A photograph of the
instrument is shown in Figure 2.4. It is readily evident that MOPITT-A is composed
of many parts, both internal and external. However there are five major sub-systems
(i) gas-cells, (ii) optical chopper, (iii) black body sources, (iv) detector nest and (v)
electronics. In addition, a 28 VDC, 33 A power supply, processing computer and
vacuum pumping station are required to operate the instrument.
The optical path through one channel of the instrument is depicted in Figure 2.5.
Radiation enters the instrument from one of four different sources, either from the
atmosphere or one of three onboard black body calibration sources. The source of
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Figure 2.3: Channels 5 through 8 of MOPITT-A which consist of 3 CO channels
(channels 5-7) and one methane channel (channel 8). Channels 5 and 6 receive
radiance from one optical path while channels 7 and 8 receive radiance from the
other.
Figure 2.4: MOPITT-A stationed in the ISAS Optics Laboratory. This figure shows
the power/data connections on the right, the hot black bodies (in copper) on the top
and the liquid nitrogen dewar (in grey).
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Figure 2.5: Simplified optical path through MOPITT-A showing the multiple input
radiance sources, the optical chopper and the double pass system of the internal
gas-cell.
radiation is selected by turning a stepping mirror, found at the top of the baffles, to
the appropriate location. The incoming radiation passes through an optical chopper
and onwards to the gas-cell. The radiation is directed through the gas-cell where,
upon emerging, it is reflected back through the gas-cell, doubling the effective optical
depth. Finally, the radiation is directed towards the detector nest and digitized.
Length Modulated Cell
The length modulated cell (LMC) is composed of four main parts as shown in Figure
2.6 and Figure 2.7. These are the gas-cell, optical windows, rotor and compensator
(Drummond et al., 1993).
The gas-cell is a sealed unit with a thickness of 10 mm, measured from the inside
of the front to the back wall. Its purpose is to contain the gas of the target species,
CO or CH4, as well as house the rotor assembly. Germanium optical windows of
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negligible thickness are located on the front and back of the gas-cell, and allow the
atmospheric radiation to enter and exit the gas-cell. The gas-cell is sealed and filled
with gas to a specified pressure. The cell used for channel 5 of MOPITT-A was
constructed and tested at the University of Toronto (Tolton et al., 1997) to sustain
an internal pressure of 80 kPa (0.7895 atm), which is much higher then a traditional
correlation gas-cell pressure of 10 kPa (Drummond et al., 1993). In the case of
MOPITT-A the gas-cell is filled with CO, as this is the gas of interest.
The rotor is a piece of calcium fluoride (CaF2) glass which is 8 mm thick and
shaped like a bow-tie. The rotor is sealed within the gas-cell and is fastened to the
cell by a magnetic coupling, allowing it to be driven by an external motor. The
rotational position of the rotor dictates the amount of gas in the optical path. When
the glass bow-tie segment of the rotor is in the optical path it displaces the gas and
produces a signal equivalent to an empty cell. Conversely, when the rotor is out of
the optical path, the signal is equivalent to a full cell. The rotor spins at constant
frequency and the optical path alternates between full and empty states. The rotor
has the ability to rotate at a maximum frequency of 10 revolutions per second. In
reality, the glass rotor only occupies 8 mm of the 10 mm of the space in the gas-cell.
Thus the empty condition is not truly empty but has 2 mm of gas remaining in
the optical path. This rotor state is called the short path position because it is the
state with the shortest path length. Likewise, the state, when the rotor is out of the
optical path and the entire 10 mm space is filled with gas, is called the long path
state.
The compensator is located outside the gas-cell on the back end of the cell. Its
physical makeup is exactly the same as rotor, being an 8 mm thick piece of CaF2.
The compensator is fastened to the outside of the gas-cell by a magnetic coupling
but is exactly 90◦ out of phase with the rotor. The rotor/compensator tandem rotate
together at a constant frequency. This allows the compensator to mimic the optical
absorption and emission properties of the primary rotor during the long path state,
ensuring both long path and short path states are optically identical apart from the
gas in the gas-cell.
The physical makeup of the LMC has several desirable attributes. First, it can
rotate continuously at a relatively fast rate. This produces advantages mechanically,
electrically and scientifically. Second, it can tolerate higher pressures than other gas-
cell designs. This is important for retrieving CO distributions from higher pressure
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Figure 2.6: Side View of Length Modulated Cell and Front View of the Calcium
Fluoride Rotor/Compensator.
Compensator
Axis of
Rotation
Rotor
Germanium
Windows
Rotor and CO
Sealed Cell
Figure 2.7: 3-D Model of the MOPITT-A Length Modulated Cell as seen from the
back (not to scale).
altitudes lower in the atmosphere.
Optical Chopper
The chopper is a rotating slotted blade that either blocks or passes the incoming
radiation from the rest of the optical train. The signal collected in the blocked
position allow contaminant background signal to be removed from the primary signal
measured in the open position. The MOPITT-A chopper is a modified New Focus
Optical Chopper Model 3501, as shown in Figure 2.8. The chopper blade is comprised
of 21 evenly spaced slots. Choppers have been traditionally used for AM modulation
in IR measurements, where the impact of broad-band noise is limited by selecting
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Figure 2.8: The New Focus Optical Chopper Model 3501 used in MOPITT-A (New
Focus: Model 3501 User’s Manual Optical Chopper Rev. B).
a narrow, notched, region in the frequency domain to increase the signal to noise
ratio. However, MOPITT-A does not need to implement this technique as the signal
to noise ratio is sufficient if the detector nest is kept at low temperatures.
The Onboard Black Body Sources
The MOPITT-A system has a total of 5 black body sources that were intended
for continuous calibration of the instrument. Each spectral channel has access to
three black body sources: a hot (500K max), warm (300 K max) and a cold source
(250K min). The original intent was to frequently calibrate atmospheric signals
using a three point fit to the three black body signals. The black body sources are
located very close to the front-end optics. This eliminates a considerable amount of
systematic error due to stray glow. The radiation from the sources traverses a path
almost identical to that travelled by the external atmospheric radiation.
The onboard black body system illustrated in Figure 2.9 (Bailak et al., 1999) was
built by Bomem for the MOPITT-A instrument. The black bodies were built to reach
thermal stability in approximately 30 minutes, which is the ascent time of the aircraft
during flight missions. The temperature of each black body source is controlled
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Figure 2.9: The MOPITT-A Onboard Calibration Sources.
through an interface in the signal processing module. Each individual black body
is insulated to provide thermal stability and assist in its thermal isolation from the
rest of the system. However, it was found during the SAFARI-2000 mission that
the thermal insulation was insufficient and the black body sources showed significant
drift throughout the mission.
The Detector Nest
The MOPITT-A instrument has 4 spectral channels and each channel employs a 4x1
linear array InSb photo-sensor to detect the radiation. Incident radiation creates
an electric signal in the InSb detector via the photoelectromagnetic effect. Briefly,
electron-hole pairs are produced near the surface when an InSb crystal is exposed
to radiation with a frequency close to its fundamental absorption edge. Placing the
crystal in an external magnetic field forces the electron-hole pairs to separate and
drift in opposite directions to the unilluminated sides of the crystal (Young, 1960).
The process is illustrated in Figure 2.10 (Houghton, 1966). The separation of charge
causes an electromagnetic field to be produced whose magnitude is proportional to
the number of electron-hole pairs created and therefore the number of photons strik-
ing the crystal surface. The quantum efficiency of an InSb detector is approximately
80% and can be even higher when cooled to the proper temperature.
The 4 detectors are encased within a sealed dewar system that keeps the detectors
at low temperature. The dewar is filled with liquid nitrogen (LN2) which cools the
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Figure 2.10: The separation of the electron-hole pair created through the photoelec-
tromagnetic effect in a InSb crystal.
detectors to approximately 95 K. This cooling not only minimizes thermal noise but
also exceeds the operating threshold of 120K for the InSb. The dewar is evacuated
to a pressure between 10−4 mbar and 10−6 mbar. This eliminates problems with
frosting on the detector surface and significantly improves the evaporation lifetime
of the LN2. The LN2 will normally last for about three days before a refill is required.
Each detector contains two, nominally identical filters used to select the spectral
region of interest for the spectral channel. One of the filters is used for the inner
pixels(2,3) of the linear array and the other for the outer pixels (1,0). The filters
were constructed at the University of Toronto. The spectral response of the two
filters used for channel 5 of MOPITT-A are shown in Figure 2.11.
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Figure 2.11: Filters for the inner pixels (2,3), in blue, and outer pixels (1,0), in red,
for channel 5 of MOPITT-A.
2.2.1 Optics
All of the lenses used in the construction of MOPITT-A were built from germanium
or calcium fluoride as they had to operate in the infra-red. Likewise, all of the
mirrored surfaces were gold-plated for optimal infra-red performance. All of the
optics between the chopper and the gas-cell are encased in a sealed black box while
the double pass optics are contained inside the gas-cell casing. Alignment of the
optics is a straight-forward but time-consuming process. Consequently, we were very
careful not to disturb the optics.
2.2.2 Timing Control Unit
The collection of data with MOPITT-A requires precise synchronization between
the chopper, gas-cell rotor and detector nest. The timing of this coordination is
the responsibility of the Timing Control Unit. The chopper and the gas-cell rotor
are both controlled by phase-locked loop circuitry that ensures a high degree of
synchronicity between the two rotating parts. The Timing Control Unit emits a
reference clock that is accurately synchronized to the rotation of the chopper and
gas-cell rotor.
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The reference clock is used to define intervals of time when the gas-cell rotor is
either fully inserted into the optical path or completely removed. In practice, the
system breaks each rotation of the gas-cell rotor into 4 sections, allowing the analysis
to identify which half of the rotor is in the optical path. The system ignores periods
when the rotor is partially inserted into the optical path. The system also inspects
the status of the chopper blade which generates open and closed segments an order
of magnitude faster than the gas-cell rotor. Similar to the gas-cell rotor, the system
only considers periods of time when the chopper blade either completely blocks the
optical path or allows it to pass unhindered. The system ignores periods of time
when the chopper blade partially obstructs the optical path.
The timing diagram for a typical data process cycle is shown in Figure 2.12. The
top line shows the chopper state index derived from a photo-sensor attached to the
chopper blade. The chopper open state is longer than the closed state, mimicking
the physical width of the slots on the chopper blade. The second line is the chopper
processing clock and, when high, permits the detector nest to acquire measurements.
Regardless of chopper state, measurements are only collected when the chopper blade
is in its proper position; transitional periods are ignored. The yellow bars in Figure
2.12 indicate data acquisition periods with the chopper open and the blue bars
indicate data acquisition periods with chopper closed.
The third line in Figure 2.12 represents the rotational position of the gas-cell
rotor expressed as a binary number. The actual system uses two digital signals as
the rotor will be in one of four quadrants. The bottom line is the LMC processing
clock. Similar to the chopper processing clock, the detector nest is only allowed to
acquire data when this latter signal is high.
2.2.3 External Hardware
The external dimensions of the MOPITT-A instrument are 140x68x54 cm and it has
a mass of approximately 65 kg, a size and mass consistent with the ER-2 constraints
(Bailak et al., 1999). However, this excludes two, 19” rack mounted, boxes that are
used for instrument operation and control. These two boxes can be seen to the center
right of Figure 2.13. The first box is the MOPITT-A Airborne Power Supply Box
which converts an external 28 VDC source to the various internal voltages required
by MOPITT-A and distributes them to the instrument. The 28 Volts is the only
external power source required to operate the MOPITT-A instrument. The ER-
18
Chopper Index
Chopper
Processing
Clock
LMC Index
LMC
Processing
Clock
Chopper Open Processed Data
Chopper Closed Processed Data
Figure 2.12: Timing diagram of the data processing cycle for MOPITT-A. Processed
data with the chopper open is seen in yellow, while processed data with the chopper
closed in seen in blue. This diagram is not to proper scale.
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Figure 2.13: The MOPITT-A Airborne Power Supply Box and Airborne Electronics
Box in the University of Saskatchewan ISAS Optics Laboratory.
2 aircraft supplies the 28 Volts during flights and a Sorensen 1000W Power Supply
Model DCS 33-33 is used when MOPITT-A is on the ground. The maximum current
used by MOPITT-A is approximately 10 A.
The second rack mounted box is the MOPITT-A Airborne Electronics Box which
contains the Instrument Control Computer as well as various circuitry to govern
timing, data transfer and housekeeping sensors. The combined size of the two boxes
is 62x43x48 cm. Both boxes are connected to MOPITT-A and each other through
several military specification, Amphenol connectors.
The Instrument Control Computer runs a custom program, mopitta.exe, under
the DOS operating system. The program coordinates all of the instrument activities
and records all data onto a local hard drive. The hard drive is physically removed
from the system at the end of a flight or measurement session and the information
transferred to a normal PC computer for analysis.
Data are transferred from the MOPITT-A instrument to the Instrument Control
Computer in 32-bit packets. The layout of the 32-bit packets is shown in Table 2.1
(Drummond, 2000).
The Instrument Control Computer stores the packet data on disk in a SCI file
format. A new file is generated every 12 minutes to avoid loss of data if the system
20
Bit numbers (0=LSB) Size Function
31 1 Unused
29-30 2 Channel (0-3)
27-28 2 Pixel (0-3)
25-26 2 LMC Sector (0-3)
24 1 Chopper State
0-23 24 Data
Table 2.1: Breakdown of the 32 bit data packets collected by MOPITT-A.
crashes or is otherwise powered off. Data and housekeeping information collected by
the Instrument Control Computer are displayed on a monitor, although the monitor
is removed for flights.
After the raw SCI, proprietary, files have been transferred to a normal PC they
are converted and merged into standard HDF files. The HDF data files are generated
according to spectral channel, detector pixel, LMC sector, and chopper state. An
example for one file would be channel 5, pixel 1, chopper open, LMC sector 1. One
spectral channel can generate up to 32 separate data files as there are four detector
pixels, four LMC sectors and two chopper states.
2.2.4 MOPITT-A at University Of Saskatchewan
The MOPITT-A instrument was built and commissioned for the University of Toronto
for the purposes of validating the MOPITT instrument. After this exercise was
completed, the instrument was delivered to University of Saskatchewan in the sum-
mer of 2001. The instrument was examined upon its arrival at ISAS, University of
Saskatchewan. A few minor problems were identified and repaired. The channel 5,
chopper electronics board was not synchronizing properly; it was replaced with the
channel 8 board. The channel 5, gas-cell, pressure transducer was not accurate; it
was replaced with an external pressure transducer. Finally, a few loose wires were
found and fixed or replaced.
In August of 2002, the MOPITT-A instrument was taken on a field campaign
by the Infra-Red Group at the University of Saskatchewan to a hang gliding launch
platform located near the summit of Mount 7, Golden, British Columbia. This site
was specifically chosen as its altitude, 1560 m above sea level, is one of the highest
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Figure 2.14: Panoramic display of the Mount 7 observing site, provided by Google
Earth.
in the Rockies accessible by road (see Figure 2.14).
A mounting plate was constructed for MOPITT-A and the instrument was in-
stalled in the rear of a covered pick-up truck for transport to and from the observing
site. The instrument and various other equipment were secured with nylon rope
to the truck to ensure minimal movement, especially over the last few kilometers
of steep mountain road. Upon arrival at the observing site, the pick-up truck was
positioned near the edge of the site so the instrument could look down the mountain
towards the town of Golden. A tarp system was setup to protect both MOPITT-A
and the computer systems from the elements. Photographs of the deployed system
are shown in Figures 2.15 and 2.16.
The system was powered with a gasoline generator as no electrical power is avail-
able at the site. This required the instrument to be shut down for 5 to 15 minutes
every 8 hours so the generator could be be refueled. Data were also transferred from
the Instrument Control Computer to PC computers at this time, to permit further
on-site analysis at the hotel. The gas generator was placed approximately 60 feet
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Figure 2.15: The MOPITT-A instrument and flight computers set up in the half-ton
truck on Mount 7 in Golden, B.C.
Figure 2.16: The tarp setup used on Mount 7 to ensure the instrumentation remained
protected from the elements.
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Figure 2.17: The external mirror system used for the MOPITT-A instrument to
allow for a multi-angular look direction.
away from the instrument to minimize contamination from the generator exhaust.
The channel 5 gas-cell was filled with CO at the University of Saskatchewan prior
to departure and its pressure monitored during the campaign. The pressure in the
gas-cell was stable for the entire duration of the mission. The detector nest dewar
was filled with liquid nitrogen at the start of observations and was replenished daily
without issue.
MOPITT-A is a nadir viewing instrument and thus required an external mirror
system to look out of the back of the pick-up truck. A silvered mirror was placed
on two adjustable bars directly below the baffles of MOPITT-A. The mirror was
attached by two allan screws which allowed the mirror to be adjusted to the required
angle, see Figure 2.17. The mirror was aligned with the side of the mountain by
eye. The mirror was rotated until an observer, standing approximately 50 feet down
the mountain, could see the center of the instrument’s input baffles. It was readily
evident to another observer collocated with the mirror, looking at the eyes of the
observer down the mountain, that this alignment placed the instrument’s field of
view over the town of Golden. The view from the MOPITT-A instrument is shown
in Figure 2.18.
The instrument was operated almost continuously for 41 hours from 14:15 LT
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Figure 2.18: The view from the MOPITT-A instrument over Golden B.C. from atop
Mount 7.
2002-08-20 to 07:30 LT 2002-08-22. The weather was extremely cooperative and
provided us with continuous clear sky conditions. The instrument was manned by at
least two people at all times during the campaign. During the daytime the observ-
ing site was frequented by several hang gliders and paragliders. Apart from offering
some spectacular entertainment, the gliders would occasionally stray in front of the
MOPITT-A field of view, blocking measurements for a few minutes while they pre-
pared to launch.
Nine hours of measurements from mid afternoon to late evening for channel 5,
pixel 1, gas-cell rotor position 0 are shown in Figure 2.19. The sharp decline in
signal in the first half hour of measurements is due to the cooling of the instrument
by the liquid nitrogen. After this time, the instrument is much more stable and a
steady systematic difference between the chopper open and closed signals is readily
evident. Both measurements display a slow downward trend which we attribute to
the instrument cooling as nighttime and cooler temperatures set in. The gaps in the
data are places where the generator was refueled.
Figure 2.20 shows the result of removing the background, chopper closed signal
from the chopper open signal for two positions of the gas-cell rotor. Differences
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Figure 2.19: Data set gathered from 14:30 to 23:59 LT during the Golden B.C.
mission. This compares the chopper open signal (blue) and the chopper closed signal
(red) from pixel 1, gas-cell state 0 of channel 5.
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Figure 2.20: Data set gathered from 14:30 to 23:59 LT during the Golden B.C.
mission. This compares the difference in chopper states for the short gas-cell path
length (blue) and the difference in chopper states for the long gas-cell path length
(red).
between the short path and long path are evident indicating that the CO in the gas-
cell during the long path is absorbing some of the radiation passing through the cell.
The short lived spikes are mostly due to hand gliders blocking the field of view.
Figure 2.21 shows the difference between the short path and long path signals,
indicating the degree of absorption that occurs in the long path gas-cell. It is quite
apparent that there is a time dependency to this signal and it would appear that
the MOPITT-A had detected CO over Golden BC. However, before we make this
claim we must develop and apply the theory of correlative spectroscopy and radiative
transfer as well as consider all of the possible systematic effects that could occur.
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Figure 2.21: Data set gathered from 14:30 to 23:59 LT during the Golden B.C.
mission. This depicts the difference in the two states shown in Figure 2.20, known
as the Difference signal.
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Chapter 3
Radiative Transfer of MOPITT-A
3.1 Introduction
Radiative transfer studies the propagation of radiation through a medium and its
interactions with the surrounding environment. The propagation of radiation in a
planetary atmosphere is affected by the distribution of atomic and molecular species.
In general, molecules affect the propagation of radiation via three mechanisms: (i)
absorption of radiation, (ii) thermal emission of radiation and (iii) scattering of
radiation. Any molecules that actively participate in the propagation of radiation
impart their own signature onto the radiation field and subsequent analysis permits
retrieval of the molecular species. In addition, the atmospheric state parameters of
temperature and pressure play a significant role in atmospheric radiative transfer.
Absorption is the physical process by which photons are removed from the radi-
ation field. If an atmospheric layer has a number density of molecules, n, and each
of these molecules presents an effective cross sectional area, σ, to the ray of light
propagating through the medium, then the probability of a photon being absorbed
by one of these molecules along the differential path, ds, is given as,
P = nσ ds. (3.1)
This equation is known as Beer’s Law, which states that the radiation coming into
a gas will be changed due to absorption of the radiation from particles that make
up the gas (Hanel et al., 1992). If this probability of interaction is multiplied by the
incoming intensity this term is the amount of radiation absorbed by the molecules
in the layer.
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Thermal emission is the physical process by which new photons are added to a
radiation field. The thermal emission of a gas in thermal equilibrium is given by the
Planck function,
B(ν, T ) =
2hc2ν3
exp[hcν
kT
]− 1 erg/s/cm
2/µm/ster, (3.2)
where h is Planck’s constant, c is the speed of light, ν is the wavenumber, T is the
temperature of the source and k represents the Boltzmann constant.
The principle of detailed balance states that for a gas in thermal equilibrium,
the emission and absorption will be equal at all wavenumbers. This provides the
mechanism to calculate the thermal emission of a gas under local thermal equilibrium
(Reif, 1965). The total intensity resulting from thermal emissions in the atmosphere
is acquired by multiplying the Planck function by the probability from equation 3.1.
The third physical process involved in radiative transfer is scattering. Elastic
scattering is the physical process by which photons are redirected in the atmosphere
without loss of photon energy. Elastic scattering is usually dominated in a planetary
atmosphere by Rayleigh and Mie processes. Inelastic, Raman scattering can also
occur and, in this case, energy is transferred between the photon and scattering
molecule, changing the frequency of the radiation. All scattering processes only
make minor contribution to the infra-red signal observed by the MOPITT-A and are
not considered any further here (Hanel et al., 1992).
3.2 Molecular Cross Section
The molecular cross section σ, is the apparent mean cross sectional area that a
single molecule presents to an incident beam of radiation. The magnitude of the
cross section is governed by quantum mechanical phenomena that change with both
temperature and pressure and is, therefore, not constant throughout the atmosphere.
The cross-section has been calculated in this work using the parameters contained
in the HITRAN (HIgh-resolution TRANsmission) database provided by Rothmann
et al. (1998). Briefly, the molecular cross section is given by,
σ = S(T )f(ν, T, p), (3.3)
where S(T) is the spectral line intensity and f(ν,T,p) is the pressure broadened
line shape. The HITRAN database contains values of line intensities at a reference
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temperature and pressure. The line intensity at other temperatures and pressures
are derived using the formula provided by Rothman et al. (1998),
Skl(T ) = Skl(Tref )
Q(Tref )
Q(T )
e−c2Ek/T
e−c2Ek/Tref
[1− e−c2νo/T ]
[1− e−c2νo/Tref ] , (3.4)
where Tref is the HITRAN reference temperature of 296 K, Skl(Tref ) is the line
intensity at the reference temperature, k is the lower energy state of the molecule, l
is the upper energy state of the molecule, Q(T) is the partition function, ν◦ is the
central wavenumber of the spectral line and c2 is a constant equal to
c2 =
hc
k
= 1.4388 cmK. (3.5)
The partition function depends on temperature and is given as
Q(T ) =
∑
gη exp(
−c2Eη
T
), (3.6)
where gη is the lower state statistical weight and Eη is the lower state energy. The
partition function is difficult to tabulate for each species so a parametrization based
on a cubic polynomial is used. The equation is given as
Q(T ) = a0 + a1T + a2T
2 + a3T
3, (3.7)
where a0, a1, a2, and a3 are empirical coefficients that depend on the molecule
and temperature. The coefficients for each molecule are tabulated for a limited
temperature range and therefore many sets of coefficients exist for each molecule.
All of the parameters required for equation 3.4 are contained in HITRAN.
Line broadening is represented in equation 3.3 as f(ν, T, p). This is another
effect that governs the molecular cross section at a specific wavelength. There are
two types of line broadening. These are known as Collision broadening and Doppler
broadening.
Collision broadening can be understood as a quantum mechanical effect that
results from the finite time between molecular collisions. The uncertainty principle
states that if the energy of a quantum mechanical process is precisely known then the
time at which this process occurred is infinitely uncertain, and vice versa. Because
molecular transitions must occur between collisions the average maximum time of a
transition is known. Therefore, the energy, or wavelength, of the transition has some
uncertainty. This uncertainty in wavelength causes the broadening of the spectral
line. This broadening follows a Lorentzian distribution. Collision broadening plays
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a very important role at lower altitudes because the larger number densities result
in more frequent molecular collisions. As the collision frequency increases due to the
abundance of molecules the wavelength uncertainty increases.
The second type of line broadening is Doppler broadening. This is caused by
random thermal motion in a group of molecules. As molecules are moving away and
towards an observer the wavelength of an emitted photon changes. As molecules
move away from an observer the wavelength becomes longer and as they move toward
the observer the wavelengths become shorter. This is similar to astronomers viewing
red shifts and blue shifts in stars moving away and toward Earth, respectively. This
random thermal velocity follows a Gaussian distribution.
The true line shape, which is the convolution of Collision broadening and Doppler
broadening, is the Voigt profile. At tropospheric altitudes the line width due to
molecular collisions far outweighs the Doppler line width and tropospheric models
need only consider the Collision broadening for the line shape, which is given by
Rothman et al. (1998) as,
f(ν, νo, T, p) =
1
pi
γ(p, T )
γ(p, T )2 + [ν − (νo − δ(pref )p)]2 , (3.8)
where νo is the central wavenumber of the spectral line under analysis, δ(pref ) is the
air broadened pressure shift, which is zero for CO, and γ is the collision broadening
coefficient. The collision broadening coefficient is given by Rothman et al., 1998 as
γ(p, T ) =
(
Tref
T
)n
[γair(p− ppart) + γselfppart], (3.9)
where γair and γself are the air and self broadened halfwidths respectively, and n
is the coefficient of temperature dependence of air broadened halfwidth. All of the
parameters in the above equations are contained in HITRAN.
The integrated spectral line intensity, S(T ), for any transition is a function of
only temperature, not pressure, as shown in equation 3.4. However, the line shape
is a function of both the pressure and temperature, as shown in equation 3.8. So,
if a system were created where the temperature remained constant and the pres-
sure changed one would expect to observe a change in the line shape, but not in
the integrated line intensity. The maximum intensity may change but the intensity
integrated over the entire broadening of the line does not. In a system where the
pressure remained constant and the temperature changed one would expect to ob-
serve a change in both the line intensity and line shape. However, the change in the
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line intensity is not always positively correlated to the change in the temperature.
When the temperature of a closed system increases the molecules in that system will
have enough energy to populate higher energy states. Therefore, the intensity of
some lines will increase while others will decrease because of the redistribution of the
molecules throughout the energy levels. Even though the individual line intensities
will change the integrated intensity of the entire spectrum remains the same.
Figure 3.1 shows a CO line at three different pressures but a constant temper-
ature. The shapes of the lines were calculated using equations 3.3, 3.4 and 3.8. It
is seen that the maximum intensity of the line changes. However, the integrated
intensity of each line remains the same. The reason the maximum intensity changes
is because of the increased line broadening that occurs. For the broadening to in-
crease and the integrated intensity to remain the same, the maximum intensity must
decrease. As the pressure of the system is decreased the broadening of the line de-
creases. This is expected as a decease in pressure will increase the time between
collisions in the system, and therefore decrease the uncertainty of the transitional
energy.
Figure 3.2 shows a single line from a system where there is a constant pressure but
a changing temperature. These lines were calculated using using equations 3.3, 3.4
and 3.8. The change in line shape due to pressure broadening is negligible and only
the intensity changes. Equation 3.4 shows that a spectral line intensity will change in
a dynamic temperature field. However the change is not always positively correlated.
Figure 3.3 shows a different modelled spectral line of the same CO spectrum as that
of Figure 3.2. The difference between the two figures is the relative intensities of the
lines at each temperature. Figure 3.3 shows the line at 300 K to be the least intense
while Figure 3.2 shows the line at 300 K to be the most intense. This difference is
due to the change in molecular population of the energy states when the temperature
of the system was changed. The total number of molecules in the system does not
change, therefore as the population of some energy states increase, the populations
of other energy states must decrease.
Viewing the entire spectrum leads to a more complete understanding of how
changing temperatures in a system affect the energy state populations. Figure 3.4
shows the CO vibrational transition 0-1 spectrum at 200 K. This spectrum shows
the majority of the spectral lines to be located between 2050 and 2230 cm−1. Figure
3.5 is the entire CO vibrational transition 0-1 spectrum at 300 K, and this spectrum
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Figure 3.1: A single spectral line of CO centralized at 2111.54 cm−1 measured at a
temperature of 300 K and a pressure of 1 atm (blue), 0.1 atm (red) and 0.01 atm
(green).
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Figure 3.2: A spectral line centralized at 2111.54 cm−1 and measured at a pressure
of 1 atm and a temperature of 200 K (blue), 250 K (red) and 300 K (green).
shows a relatively higher population of the upper energy states than the spectrum of
Figure 3.4. This is seen through the relatively more intense wings that are present
in the higher temperature spectrum. As higher energy states are being populated
the distribution of the molecules over the spectral range changes. The intensity of
the lines in the middle of the 300 K spectrum has actually decreased because there
are less molecules populating the energy states associated with these lines.
If the temperature of a closed system remains constant while the pressure is
increased the broadening of the spectral lines is expected to increase, but the inte-
grated line intensity will remain the same from pressure to pressure. If the pressure
of this system remains constant and the temperature is increased the broadening is
expected to change slightly and the individual integrated line intensities are expected
to change due to change in distribution of the molecules across the energy states.
However, the integrated line intensities of the entire spectrum will remain constant.
In summary, the HITRAN database provides information to calculate the ab-
sorption cross section for CO at all atmospheric temperatures and pressures.
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Figure 3.3: A spectral line centralized at 2139.43 cm−1 and measured at a pressure
of 1 atm and a temperature of 200 K (blue), 250 K (red) and 300 K (green).
3.3 Radiative Transfer in a Single Layer
MOPITT-A is an aircraft-borne optical instrument that looks downward and mea-
sures terrestrial thermal emissions in the range 2100 - 2250 cm−1, which spans one
rotational band of CO. The measurements are used to infer the column concentra-
tions of CO below the instrument during its flight.
The MOPITT-A geometry, to first order, is a nadir viewing instrument observ-
ing the thermal, black body radiation spectrum emanating from the Earth’s sur-
face. The upwelling radiation is modified by both absorption and emission from any
CO that might be present in the atmosphere. In this section we shall develop the
Schwarzschild model (Chamberlain et al., 1987; Fleagle et al., 1980; Janssen, 1993;
Hanel et al., 1992), which is used to model radiative transfer in a thin, homogenous
layer. This single layer theory is then applied to the real atmosphere by building a
discrete multi-layer system model.
Figure 3.6 illustrates a single homogeneous layer where I0 is the intensity of
incident monochromatic radiation and If is the intensity of the outgoing radiation
from the layer. The layer has temperature (T), pressure (p), partial pressure (ppart)
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Figure 3.4: A CO R-branch fundamental band (vibrational transition 0-1) cross
section spectrum measured at a pressure of 1 atm and a temperature of 200 K. This
shows populated rotational states between 2050 and 2230 cm−1.
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Figure 3.5: A CO R-branch fundamental band (vibrational transition 0-1) cross
section spectrum measured at a pressure of 1 atm and a temperature of 300 K. This
shows populated rotational states between 2025 and 2250 cm−1.
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Figure 3.6: A simple diagram of a single homogeneous layer of atmosphere and the
variables within the layer that assist in changing the incoming radiance.
due to any minor absorbing species and a thickness ∆x. We only consider radiation
in one direction as we are ignoring scattering processes.
The total change in the radiation as it traverses is given by the balance of absorp-
tion, from Beer’s Law and thermal emission, assuming Planck’s function and local
thermal equilibrium. For an infinitesimal distance, ds, the change in intensity, dI,
is given by,
dI = −Iσnds+Bσnds. (3.10)
Equation 3.10 is known as the Schwarzschild equation. The equation can be inte-
grated for a homogeneous layer,∫ If
Io
dI
I −B = −
∫ x2
x1
σnds (3.11)
ln
(
If −B
Io −B
)
= −σn(x2 − x1) = −σn∆x = −τ (3.12)
If = Ioe
−τ + (1− e−τ )B, (3.13)
where τ is known as the optical depth of the layer. Equation 3.13 provides the
intensity emerging from a finite, homogenous layer for incoming monochromatic ra-
diation. We have only considered one species in this derivation but additional species
are readily included by calculating the total optical depth from the summation of
the optical depth of each species.
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A computer model was created to produce intensities coming from a single ho-
mogenous layer. This model uses as input an arbitrary incident intensity spectrum
I0(ν), a temperature for the layer, a layer pressure, and species concentration in the
layer. The model then uses this information and that contained in the HITRAN
database to calculate the outgoing intensity spectrum, If (ν), from the layer at any
wavelength resolution. The spectra shown in this section were created with the model
where the incident intensity, I0(ν), is a Planck function for an arbitrary temperature.
As emission and absorption are occurring simultaneously in the layer the spec-
trum of the outgoing intensity can appear as an emission or absorption spectrum.
Analysis of equation 3.13 indicates that if the layer temperature is equal to the source
temperature, or I0(Tsource) = B(Tlayer), then If = B = I0 at all wavelengths. Also, if
B(Tlayer) > I0(T ) then If is always greater than I0 and similarly if B(Tlayer) < I0(T )
then If is always less than I0. That is, if the source temperature is greater than
the layer temperature radiation is removed from the incident beam and the result
appears as an absorption spectrum, and if the source temperature is less than the
layer temperature then radiation is added to the beam by the emitting molecules
and the outgoing spectrum appears like an emission spectrum.
Figure 3.7 shows both the outgoing absorption spectrum and the incoming source
intensity where Tlayer = 250 K and Tsource = 300 K. For this example a small optical
depth was used. It is evident that the outgoing spectrum is less intense than the
incident spectrum at all wavenumbers and absorption dominates for all transitions.
Conversely, Figure 3.8 shows the modelled result where Tlayer = 300 K and Tsource =
270 K. In this figure it is apparent that emission dominates and all transitions add
to the intensity of the incident radiation.
A boundary forms in the outgoing intensity when the layer becomes optically
thick as τ becomes sufficiently large that e−τ approaches zero. A lower boundary
forms for an absorption spectrum and an upper boundary forms for an emission
spectrum. This is seen in equation 3.13 where e−τ approaches 0 and If = B(Tlayer).
Figures 3.9 through 3.12 show both the emission and absorption boundaries for the
entire spectrum and select lines. Note that the layer is only optically thick at the
line centers.
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Figure 3.7: An outgoing CO absorption spectrum measured from a surface with
temperature of 300 K through a single homogeneous layer with a temperature of 250
K (blue), a pressure of 1 atm and path length of 1.5 km. The Planck function for
the surface temperature acts as the upper boundary (red). The intensity along the
y-axis has units of ergs/s/cm2/µm/ster.
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Figure 3.8: An outgoing CO emission spectrum measured from a surface with tem-
perature of 270 K through a single homogeneous layer with a temperature of 300 K
(blue), a pressure of 1 atm and a path length of 1.5 km. The Planck function for
the surface temperature acts as the lower boundary (red). The intensity along the
y-axis has units of ergs/s/cm2/µm/ster.
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Figure 3.9: An outgoing CO absorption spectrum measured from a surface with
temperature of 300 K through a single optically thick layer with a temperature of
250 K (blue), a pressure of 1 atm and a path length of 15km. The Planck function for
the surface temperature acts as the upper boundary (red), while the Planck function
for the layer temperature acts as the lower boundary (green). The intensity along
the y-axis has units of ergs/s/cm2/µm/ster.
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Figure 3.10: An outgoing CO absorption spectral line measured from a surface with
temperature of 300 K through a single optically thick layer with a temperature of 250
K (blue), a pressure of 1 atm and a path length of 15 km. The Planck function for
the surface temperature acts as the upper boundary (red), while the Planck function
for the layer temperature acts as the lower boundary (green). The intensity along
the y-axis has units of ergs/s/cm2/µm/ster.
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Figure 3.11: An outgoing CO emission spectrum measured from a surface with
temperature of 270 K through a single optically thick layer with a temperature of
300 K (blue), a pressure of 1 atm and a path length of 15 km. The Planck function for
the surface temperature acts as the lower boundary (red), while the Planck function
for the layer temperature acts as the upper boundary (green). The intensity along
the y-axis has units of ergs/s/cm2/µm/ster.
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Figure 3.12: An outgoing CO emission spectral line measured from a surface with
temperature of 270 K through a single optically thick layer with a temperature of 300
K (blue), a pressure of 1 atm and a path length of 15 km. The Planck function for
the surface temperature acts as the lower boundary (red), while the Planck function
for the layer temperature acts as the upper boundary (green). The intensity along
the y-axis has units of ergs/s/cm2/µm/ster.
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Figure 3.13: This figure describes the geometry used to derive a continuous theorem
from the Schwarzschild equation.
3.4 Radiative Transfer in Non-homogenous Media
In the previous work the Schwarzschild equation was integrated to give the intensity
emerging from a single homogeneous layer, equation 3.13. However, a vertical profile
of the entire troposphere cannot be considered to be homogeneous and this issue
must be dealt with.
It is straight forward to integrate the Schwarzschild differential equation for a
non-homogenous media. Figure 3.13 shows the geometry used. A black body source
at s0 is glowing at temperature T . The radiation is transmitted through a non-
homogeneous atmosphere from s0 to an observer located at position, s = 0. The
Schwarzschild equation can be integrated for a continuous atmosphere as,
dI = I(s) n(s)σ(s)ds−B(s)n(s)σ(s) ds
dI e−τ(s) = I(s)n(s)σ(s) ds e−τ(s) −B(s)n(s)σ(s)ds e−τ(s)
I(0) = I(s0) e
−τ(s0) +
∫ s0
0
B(s)n(s)σ(s) e−τ(s)ds. (3.14)
The final equation describes the outgoing intensity through a continuous, non-homogenous
medium. The first term on the right hand side represents the attenuation of the radi-
ation from the incoming black body source after it has propagated through an optical
depth τ(s0). The second term represents the sum of the thermal emissions from each
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elemental volume along path appropriately attenuated by the optical depth, τ(s), as
they propagate to the observer.
An alternative approach to solving the radiative transfer in a non-homogenous
atmosphere is to break the atmosphere into a stacked series of homogenous layers.
The homogenous theory, developed earlier, is then applied to each layer where the
output of one layer acts as the input to the next. It is readily demonstrated that
a discrete stack of homogenous layers accurately represents the continuous system
described above. The outgoing intensity from the first of i layers in a multiple layer
system is given by equation 3.13. The intensity through the first layer of a multiple
layer system can be written as
I1 = I0e
−τ1 + (1− e−τ1)B1. (3.15)
I1 represents the outgoing intensity from the first layer. This intensity is the incoming
intensity to the second layer. Therefore, the outgoing intensity from layer 2 can be
written as
I2 = I1e
−τ2 + (1− e−τ2)B2
= I0e
−τ1−τ2 + (1− e−τ1)B1e−τ2 + (1− e−τ2)B2. (3.16)
Using the same method the outgoing intensity from layer 2 becomes the incoming
intensity for layer 3. The result for a three layer system is
I3 = I0e
−τ1−τ2−τ3 + (1− e−τ1)B1e−τ2e−τ3 + (1− e−τ2)B2e−τ3 + (1− e−τ3)B3. (3.17)
Examination of the above derivation reveals a trend, which leads to a discrete rep-
resentation of the outgoing intensity from i layers. This representation is given by
Ii = I0e
−
∑i
j=1
τj +
i∑
j=1
(1− e−τj)Bje−
∑i
k=j+1
τk . (3.18)
The discrete model in equation 3.18 was formulated using the discrete single layer
model derived from the Schwarzschild equation. Through a short analysis it can be
seen that equation 3.18 is actually a discrete form of the theoretical continuous
formula derived from equation 3.14. Comparing the first terms of the two equations,
I(s0)e
−τ(s0) ⇒ I0e−
∑i
j=1
τj , (3.19)
the transition to the discrete form is easily recognized. The summation represents
the total optical depth from the surface through the top layer. Comparing the second
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terms, seen as ∫ x
0
B(s)σne−τ(s)ds⇒
i∑
j=1
(1− e−τj)Bje−
∑i
k=j+1
τk , (3.20)
requires some manipulation to identify the similarity. For path lengths ∆x the optical
depth is small and
(1− e−τ ) = 1− (1− τ + τ
2
2
− τ
3
6
+ ...) ≈ τ = σnds. (3.21)
This is because the higher order terms are comparably very small and may be dis-
carded. This allows the comparison in equation 3.20 to be rewritten as∫ x
0
σndsB(s)e−τ(s) ⇒
i∑
j=1
σjnj∆xBje
−
∑i
k=j+1
τk . (3.22)
The two summations indicate that the radiation originating from each layer is atten-
uated from that layer through to the top of the atmosphere. Therefore, equation 3.18
represents a discrete form of the continuous theory derived from the Schwarzschild
equation.
In this work we use the stacked series of homogenous layers to perform all radia-
tive transfer calculations.
3.5 Modelling MOPITT-A Observations
The geometry used for the MOPITT-A instrument is shown in Figure 3.14. The
instrument looks downward through a series of homogenous layers at the glowing
Earth. Each layer has its own set of parameters apart from the layer thickness,
which is the same for all layers. The HITRAN database is used to calculate the
absorption cross-section of each species in each layer. The atmospheric state at all
altitudes is specified by the MSIS-E-90 climatological database (Picone et al., 2002).
The MSIS-E-90 database returns the climatological temperature and pressure at a
given latitude, longitude and altitude at any time of year.
A computer model was built that implemented the stacked series of homogenous
layers. Input to the model required specification of the the Earth’s black body source
temperature, as well as temperature, pressure and partial pressure of each species at
each level. Once the inputs are specified the model calculates the brightness, I(s),
of the Earth’s surface and uses successive applications of the single layer theory to
calculate the signal observed at the instrument.
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Figure 3.14: Diagram of the MOPITT-A system geometry showing multiple homo-
geneous layers, emissions from these layers, and absorption of the glowing sources
by each layer.
Figure 3.15 shows the calculated signal that would be observed by the instrument.
The Earth’s surface temperature is greater than the temperature of each atmospheric
layer and, as expected, the output spectrum is an absorption spectrum. The upper
boundary of this absorption spectrum follows the Planck function for the temperature
of the Earth while the lower boundary of the absorption is dictated by the Planck
function where the atmosphere becomes optically thick. The lower boundary can be
seen explicitly in Figure 3.16.
The radiative transfer theory developed in this section provides a suitable frame-
work to numerically model the radiation field observed by MOPITT-A. The model
implements a stacked series of homogenous layers that fully account for absorption
and emission within each layer. All scattering processes are ignored as minor.
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Figure 3.15: An outgoing CO absorption spectrum measured from a surface with a
temperature of 300 K through multiple atmospheric layers of different temperatures.
The intensity along the y-axis has units of ergs/s/cm2/µm/ster.
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Figure 3.16: An outgoing CO absorption spectral line measured from a surface with a
temperature of 300 K through multiple atmospheric layers of different temperatures.
The intensity along the y-axis has units of ergs/s/cm2/µm/ster.
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Chapter 4
Correlation Spectroscopy
4.1 Introduction
MOPITT-A records a digital number (DN) representing the band integrated inten-
sity of radiation incident upon the detector. This signal is the result of incident
radiation passing through a bandpass filter and gas-cell within MOPITT and sub-
sequent processing by the detector electronics. Given the transmission, f(ν), of a
bandpass filter and the transmission of a single homogeneous layer, equation 3.13,
then the recorded digital number can be written as the integral
DN = k
∫
ν
f(ν)
[
I(ν)e−τ(ν) +B(Tgas, ν)(1− e−τ(ν))
]
dν, (4.1)
where I(ν) is the intensity incident on the MOPITT-A aperture, τ(ν) is the optical
depth of the gas-cell at wavenumber ν and B(Tgas, ν) is the Planck function evaluated
at the gas-cell temperature. The constant, k, is associated with the electronic’s gain
and is used to convert the signal from radiance to digital number.
4.2 Correlation Spectroscopy Using MOPITT-A
The MOPITT-A system alternates measurements between two values of τ(ν) using
the long path and short path gas-cells as well as open and closed states of the optical
chopper. The two digital numbers recorded when the shutter is open can be written
as,
LO = k
∫
ν
f(ν)
[
I(ν)e−τL(ν) +B(Tgas, ν)(1− e−τL(ν))
]
dν (4.2)
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and
SO = k
∫
ν
f(ν)
[
I(ν)e−τS(ν) +B(Tgas, ν)(1− e−τS(ν))
]
dν, (4.3)
where LO is the digital number recorded for the open shutter, long path gas-cell, SO
is the digital number recorded for the open shutter, short path gas-cell, τL(ν) is the
optical depth of the long cell and τS(ν) is the optical depth of the short cell.
Similarly, the two digital numbers recorded when the shutter is closed can be
written as,
LC = k
∫
ν
f(ν)
[
0 +B(Tgas, ν)(1− e−τL(ν))
]
dν (4.4)
and
SC = k
∫
ν
f(ν)
[
0 +B(Tgas, ν)(1− e−τS(ν))
]
dν, (4.5)
where LC and SC are identical to LO and SO, respectively, apart from the shutter
being in the closed state. The only difference between these equations and the
previous two is that the atmospheric source terms has been set to zero as the optical
chopper blocks out the atmospheric source in the closed position. The optical chopper
is sufficiently small and cold that any thermal radiation emanating from its surface
is negligible.
In summary, MOPITT-A measures four data states,
PathLong, ChopperOpen → LO
PathLong, ChopperClosed → LC
PathShort, ChopperOpen → SO
PathShort, ChopperClosed → SC . (4.6)
The four states have common terms due to the thermal glow of the gas in each
gas-cell, B(Tgas, ν)(1− e−τ(ν)). This term can be removed by subtracting the closed
chopper signal from the open chopper signal for each gas-cell state,
L = LO − LC = k
∫
ν
I(ν)
[
f(ν)e−τL(ν)
]
dν (4.7)
and
S = SO − SC = k
∫
ν
I(ν)
[
f(ν)e−τS(ν)
]
dν, (4.8)
where L and S are the digital numbers in the long path and short path states solely due
to incident atmospheric radiation propagating through the system. Proper analysis of
these two, derived, signals enables inferences to be made about the spectral signature
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of CO present in the incident atmospheric radiation. The subtraction of L from S
results in the Difference signal, D, and is written as
D = S − L = k
∫
ν
I(ν)f(ν)
[
e−τS(ν) − e−τL(ν)
]
dν. (4.9)
The difference between the L and S signals is due to differences between the
optical depth, τL(ν) and τS(ν) of the two gas-cell states. For convenience, we refer
to the exponent of the optical depth of the long cell, e−τL(ν), as the long filter, FL,
the optical depth of the short cell, e−τL(ν), as the short filter, FS and the difference
of the two as the difference filter, FD,
FL(ν) = e
−τL(ν) (4.10)
FS(ν) = e
−τL(ν) (4.11)
FD(ν) = FS − FL. (4.12)
Finally, we can rewrite the equations for L, S and D using the above filter definitions
as,
L = k
∫
ν
I(ν)f(ν)FL(ν) dν (4.13)
S = k
∫
ν
I(ν)f(ν)FS(ν) dν (4.14)
D = k
∫
ν
I(ν)f(ν)FD(ν) dν. (4.15)
Clearly, the behavior of FL, FS and FD are key to interpreting MOPITT-A mea-
surements. Figures 4.1 and 4.2 show both FL and FS for an LMC where the gas-cell
pressure is 80 kPa and the long and short path-lengths are 2.0 and 0.4 cm, respec-
tively. There is noticeably more absorption due to FL in the long cell at spectral
locations near the CO lines but, between the lines, FL and FS are essentially the
same. This is emphasized when FD is considered, as shown in Figure 4.3. It is
evident that FD is very low between the spectral lines when compared to the re-
sponse of both FL and FS. When the atmospheric signal is passed through FD all
the information from spectral regions away from the CO lines is removed and this
accentuates the importance of the atmospheric radiation that is mostly affected by
the CO.
The variation of FS, FL and FD over a narrow spectral range, covering one line,
is shown in Figure 4.4, which better shows the differences between FL and FS and
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Figure 4.1: The modelled MOPITT-A signal of the LMC long path length state
through the channel 5, pixel 1 filter (f(ν)eτL(ν)).
how these differences contribute to FD. Both FL and FS, and therefore FD are close
to zero near the line center where the absorption is strongest. Outside of the line
region both FL and FS are non-zero and almost identical, resulting in FD being very
close to zero. The small difference from zero is due to a small remnant absorption
which is larger for FL than FS.
The essential difference between FL and FS is highlighted in Figure 4.4. The
value of FS is significantly higher than FL in the edges of the lines, resulting in a
FD significantly different from zero. In essence, FD transmits information relating
to the edges of the lines. This is useful because the edges of the lines are the most
sensitive to a change in CO concentration.
Rotational spectra of CO for volume mixing ratios (VMR) of 100 ppb and 250 ppb
are shown in Figures 4.5 and 4.6, respectively. These signals, which were modelled
using the multiple layer radiative transfer model outlined in Section 3.4, represent
the signal that would enter MOPITT-A from the atmosphere.
The variation in FD in a spectral region around a single CO line is shown in
Figure 4.7 for the two atmospheric spectra shown in these figures. This comparison
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Figure 4.2: The modelled MOPITT-A signal of the LMC short path length state
through the channel 5, pixel 1 filter (f(ν)eτS(ν)).
demonstrates how the correlation spectroscopy technique responds to the two differ-
ent atmospheric spectra. The FD was calculated for a gas-cell pressure of 20 kPa.
It is quite apparent that the value of FD is largest in the sides of the lines where
the difference between the two atmospheric spectra is largest. Consequently, FD effi-
ciently transmits information to the difference signal, D, from spectral regions where
the two input spectra have significant differences. Thus, MOPITT-A is sensitive to
different CO volume mixing ratios present in the atmosphere.
Alternatively, if MOPITT-A did not use the techniques of correlation spec-
troscopy outlined above but simply employed a bandpass filter then measurements
could be written as,
O = k
∫
ν
I(ν)f(ν)dν . (4.16)
This would result in a drastic decrease in sensitivity to a change in CO concentra-
tion. The reason for this is quite clearly shown in Figure 4.8. In this figure the
same two spectral lines as seen in Figure 4.7 are shown with just a simple bandpass
filter superimposed upon them. This filter is relatively uniform across the spectral
region and does not transmit information preferentially in the spectral regions where
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Figure 4.3: The modelled MOPITT-A signal of the difference filter through the
channel 5, pixel 1 filter (f(ν)[eτS(ν) − eτL(ν)]).
the signals are significantly different. Also, the regions far away from the line cen-
ters, where there is no significant CO absorption, are transmitted with exactly the
same fractional response as the regions of interest. Measurements made with only a
bandpass filter and no correlation cell results in limited rejection of the background
signal.
4.3 Gas Pressure in the Length Modulated Cell
The difference signal, D, depends upon the pressure in the gas-cell. Equation 4.9
indicates how the shape of the difference filter weights the contribution of the incident
intensity to the difference signal. Different gas-cell pressures result in different FD
shapes and therefore different difference signals. This section details how the wrong
choice of gas-cell pressure can significantly decrease the sensitivity of the difference
signal to atmospheric CO.
The variations of FD for 80 kPa and 20 kPa gas-cells in the region of the a CO
line are shown in Figure 4.9. The incident spectral line is also shown and all three
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Figure 4.4: Comparison of the short (blue), long (red) and difference (green) filter
spectral line centralized at 2150.85 cm−1.
curves are normalized to fit on the same scale. The 20 kPa gas-cell has a FD similar
in width to the input atmospheric line while the FD for the 80 kPa cell is much wider
than the atmospheric line. The FD for the 80 kPa cell has maximum transmission
at wavelengths away from the atmospheric line, resulting in a strong attenuation of,
and little sensitivity to, the CO signature in the atmospheric spectrum.
Conversely the FD of the 20 kPa gas-cell has a width similar to that of the
atmospheric line. Therefore, FD is maximum at wavenumbers near the wings of
the line, resulting in maximum sensitivity to changes in CO concentration. It is
important to note that this example only pertains to the specific conditions used
to generate the incident atmospheric spectra, which was a constant mixing ratio
of CO from the ground up to 20 km. In reality, the width of atmospheric CO
lines in the incident spectrum are highly dependent on the location of CO within the
atmosphere. A large gas-cell pressure, for example 80 kPa, is more appropriate when
the bulk of the atmospheric CO is at low altitudes and the incoming spectral lines
are significantly broader. Smaller gas-cell pressures are best suited for CO located
at higher altitudes where incoming atmospheric lines are narrower. For this reason
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Figure 4.5: A modelled CO signature through a multi-layered atmosphere with a CO
volume mixing ratio of 100 ppb and a surface temperature of 300 K. The intensity
along the y-axis has units of ergs/s/cm2/µm/ster.
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Figure 4.6: A modelled CO signature through a multi-layered atmosphere with a CO
volume mixing ratio of 250 ppb and a surface temperature of 300 K. The intensity
along the y-axis has units of ergs/s/cm2/µm/ster.
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Figure 4.7: A CO spectral line centralized at 2150.85 cm−1 through a multi-layered
atmosphere with a CO volume mixing ratio of 250 ppb (blue) and 100 ppb (red) com-
pared with the instrument difference filter (green) calculated at a gas-cell pressure
of 20 kPa. The intensity along the primary y-axis has units of ergs/s/cm2/µm/ster.
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Figure 4.8: A CO spectral line centralized at 2150.85 cm−1 through a multi-layered
atmosphere with a CO volume mixing ratio of 250 ppb (blue) and 100 ppb (red)
compared with the frequency band filter (f(ν)) of channel 5, pixel 1 (green). The
intensity along the y-axis has units of ergs/s/cm2/µm/ster.
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Figure 4.9: Comparison of an atmospheric CO spectral line centralized at 2150.85
cm−1 (blue) with the difference filter spectral line modelled at a gas-cell pressure of
80 kPa (red) and 20 kPa (green).
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MOPITT and MOPITT-A have several gas-cells with different pressures which are
used to preferentially sample CO at different altitudes.
4.4 Sensitivity to an Incorrect Knowledge of the
Gas-Cell Pressure and the Gain
This section will demonstrate the importance of having a well calibrated MOPITT-A
instrument. It will be shown that even a small error in the knowledge of the gas-cell
pressure or the instrument gain could result in a significant error in the determination
of the atmospheric CO concentration. A series of simulated incident spectra have
been used for this analysis where the CO volume mixing ratio, which is constant at
all altitudes, ranges from 100 ppb to 260 ppb in steps of 20 ppb.
Figure 4.10 shows three different curves where the difference signal, D, is modelled
for the different volume mixing ratios of atmospheric CO. The middle curve is taken
as the control situation, corresponding to a gas-cell pressure of 20 kPa and unity
gain. The lower curve has been modelled for a situation where the gas-cell pressure
has been decreased by 1% to 19.8 kPa but the gain is constant. Likewise, the upper
curve has been evaluated for a situation where the instrument gain increased by 2%
to 1.02 but the gas-cell pressure is unchanged.
Now consider the difference signal reported by the three instrument configurations
for an atmosphere with a constant CO VMR of 200 ppb. The control configuration
will properly report that the difference signal, D, is 1.50E1013 and correctly interpret
this signal as a CO VMR of 200 ppb. However the configuration where the gas-cell
pressure was reduced by 1% to 19.8 kPa will report a difference signal of 1.47E1013.
When this difference signal is converted by the control curve to a CO VMR it pro-
duces a value of 220 ppb which deviates from the actual VMR by 10%. Similarly
the configuration with a gain of 1.02 produces a difference signal of 1.53E1013 which
is interpreted by the control curve as a CO VMR of 185 ppb, or 7% error.
Clearly, the interpretation of MOPITT-A measurements has a significant depen-
dence on good knowledge of the gas-cell pressure and the instrument gain. Small
errors in the knowledge of either of these instrument parameters can result in much
larger errors in the actual inferred CO concentrations.
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Figure 4.10: Comparison of modelled difference signal values for CO volume mixing
ratios from 100 ppb to 260 ppb for slightly varying gas-cell pressures and detector
gains to show the sensitivity to change of these parameters.
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4.5 Summary
The technique known as correlation spectroscopy requires a set of four well calibrated
measurements to accurately infer atmospheric CO concentrations. This technique
enhances the CO information contained in the incident spectrum while decreasing
the irrelevant background information contained with the spectrum. The significance
of exact knowledge of the instrument characteristics was demonstrated in Section 4.4
and it is obvious that a good experimental setup and plan is required to properly
validate MOPITT-A measurements.
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Chapter 5
Laboratory Setup
5.1 Introduction
It was decided to recreate the MOPITT-A viewing geometry in the laboratory using
controlled conditions. Measurements collected under these well known conditions
would allow us to test the radiative transfer and correlation spectroscopy outlined in
the previous chapters and better our understanding of the instrument’s performance.
The warm surface of the Earth used in nadir observations was simulated with an
external black body source while the column of CO along the line of sight was
simulated with an external gas-cell filled with CO.
An Electro Optical Industries Model 2503B Black body was used as the external
black body source. This source was programmable and thermally stable between 50
C and 1250 C, permitting temperature adjustment over a large temperature range.
The external black body was placed 131 cm from MOPITT-A, which was the largest
distance the laboratory would conveniently allow. An aperture size for the black
body of 0.508 cm diameter was selected such that the channel 5, pixel 1 output was
just under the saturation value, ∼ 5.5×106 DN, when the external black body was at
a temperature of 600C and aligned with the center of channel 5, pixel 1. A manual
shutter system was built for the external black body which allowed the radiation
from the black body to be blocked. The shutter was constructed out of aluminium,
painted black and kept at the ambient room temperature. Care was taken to ensure
that the shutter was not heated significantly when placed in front of the black body
source.
The external black body was attached to a lab-jack which was secured between
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two rails attached to the top of a solid table. The two rails permitted the black body
to be moved horizontally, perpendicular to the MOPITT-A line of sight while the lab-
jack permitted vertical movement. These two degrees of freedom allowed the external
black body to be accurately aligned with the optical axis of individual detector pixels
of MOPITT-A, as described below. A meter rule, which was physically attached to
the rails, permitted the relative position of the external black body to be determined
to better than 1 mm. The external black body setup is illustrated in Figures 5.2 and
5.3.
The external gas-cell was a sealed, hollow glass cylinder, 11.1 cm long and 15.2
cm in diameter. This gas-cell has CaF2 optical windows and was sufficiently wide to
cover the field of view of the channel 5 baffle. It was connected to a stand which was
attached to the MOPITT-A instrument, as shown in Figure 5.1. A pumping station
was connected to the external gas-cell which was was used to evacuate, purge or fill
the cell with CO gas.
The pumping station consisted of a roughing pump, pressure transducer and gas
tree connected to CO and nitrogen gas (N2) tanks. The roughing pump, which was
a Franklin Electronics Model 1101006418, was used to evacuate the detector nest,
external gas-cell and LMC. The pressure transducer was an Omegadyne PX5500
Series connected to a stabilized 12 VDC power source and had a pressure range of
0-1 atm. The CO used in the external gas-cell and LMC was supplied by Matheson
Gas and was guaranteed to be 99.99% pure.
The same external mirror, as used on the Golden B.C. campaign, was attached
to MOPITT-A to permit illumination from a horizontal direction rather than the
nadir direction normally required by the instrument.
5.2 Optics Alignment and Pixel Field of View
The ability to move the external black body in two dimensions perpendicular to the
MOPITT-A line of sight permitted the shape and size of the 4 detector pixels in
channel 5 to be mapped.
The external black body was set to a temperature of 500 C and allowed to stabi-
lize. The approximate edges of the field of view of each pixel were quickly determined
using visual feedback from the output displayed on the Instrument Control Computer
monitor. The external black body was placed at the far edge of the field of view of
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Figure 5.1: The MOPITT-A instrument in the ISAS Optics Laboratory with the
external gas-cell shown attached to the front end of the system.
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Figure 5.2: Top view of the laboratory set up of the external black body used as the
source term for the experiments conducted.
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Figure 5.3: Side view of the laboratory set up of the external black body used as the
source term for the calibration experiments.
MOPITT-A and the position noted. The external black body was moved horizon-
tally through the field of view until the far edge of the pixel was found and the new
position noted. The average of these two positions produced the approximate hori-
zontal coordinate of the center of the pixel. The same procedure was applied to the
vertical motion and provided the approximate vertical coordinate of the pixel center.
The position of each pixel with respect to the vertical and horizontal positions of the
external black body can be seen in Figure 5.4. Note that pixel 1 was mapped more
extensively than the other pixels.
Detailed horizontal and vertical scans of channel 5, pixel 1, were performed. The
external black body was scanned in the horizontal direction in steps of 0.5 cm along
the rail system and 0.5 cm in the vertical direction. Data were collected for one
minute at each position with the external black body shutter open and closed, and
the difference between the two calculated. The results are shown in Figures 5.5 and
5.6, respectively. The center of channel 5, pixel 1 was at position 22.5 cm in the
horizontal direction and 14.0 cm in the vertical.
It was determined from this data that the field of view of channel 5, pixel 1
mapped to a size of 7.5× 7.5 cm in our metered rail system. Given that the external
black body was 131 cm from MOPITT-A then the channel 5, pixel 1 field of view
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Figure 5.4: Positions of pixel 1 (blue), pixel 2 (red), pixel 3 (green) and pixel 0
(black) of channel 5 determined with respect to the vertical and horizontal position
of the external black body.
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Figure 5.5: Measured horizontal cross section of pixel 1 on channel 5 with respect to
the external black body. This was used to determine the central horizontal point of
pixel 1.
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Figure 5.6: Measured vertical cross section of pixel 1 on channel 5 with respect to
the external black body. This was used to determine the central vertical point of
pixel 1.
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is 1.64◦ × 1.64◦. It is useful to note, at this time, that the external black body is a
good approximation to a point source irradiance in this configuration. The area of
the external black body circular aperture was 0.203 cm2 while the area of the pixel
in the metered rail system is 44.18 cm2. Consequently the external black body only
filled 0.46% of the field of view of pixel 1.
5.3 Calibration of The Pressure Transducer
The pumping station included an Omegadyne PX5500 pressure transducer to mea-
sure the pressure in either the LMC or the external gas-cell. While the transducer
provides a quick and convenient way to monitor pressure in these components, it
became evident that the device had significantly drifted away from its manufac-
tured calibration specification. Consequently, the pressure transducer was calibrated
against a mercury manometer. The manometer was connected to the same gas tree
as the pressure transducer and both were evacuated. Air was slowly leaked into the
system and readings taken from both the manometer and pressure transducer until
the system reached atmospheric pressure. The difference in the right and left side of
the Hg gauge, read from an attached meter stick, gave the correct pressure for each
voltage read off the pressure transducer.
The measured calibration curve, as well as the manufacturer’s calibration curve,
are shown in Figure 5.7. Fitting a straight line to the data gave the following
relationship,
V = 0.0064p+ 0.3776, (5.1)
where V is the voltage of the pressure transducer in volts, p is the pressure in torr.
The manufacturer’s nominal curve was,
V = 0.0064p+ 0.0126. (5.2)
This strongly suggests there was a constant offset voltage between the voltage pre-
dicted from the manufacturer’s curve and the one measured with our sensor. Such a
voltage might be caused by an additional unidentified resistance element somewhere
within the pressure transducer. The transducer was occasionally checked against the
mercury manometer but did not show any further variation with time.
The error in the voltage measurements from the pressure transducer was ±0.003
V and the error in the manometer reading was ±1.0 torr. These error bars are too
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Figure 5.7: Comparison of the Omegadyne manufacturer calibration curve (blue)
with the calibration curve determined in the laboratory (red) showing the pressure
transducers change in response.
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small to be seen in Figure 5.7. The resulting error of the fitted slope, m, was 0.00006
(0.94%). With the error of the response curve slope known, the error in the pressure
could be determined from the response curve equation as
p =
V − yint
m
(5.3)
∆p =
∆V
m
+
∆m(V − yint)
m2
, (5.4)
where p is the pressure, V is the pressure transducer voltage, m is the slope of the
response curve and yint is the y-intercept of the response curve. Therefore, equation
5.4 can be written as,
∆p = 1.46484V − 0.08437. (5.5)
This equation was used to determined the error in the pressure transducer measure-
ments.
5.3.1 Ambient Thermal Radiation
The external black body only illuminates a small fraction of the MOPITT-A field
of view. The remainder of the field of view is illuminated by the ambient thermal
radiation present in the room. This contaminant signal can be readily detected by
the MOPITT-A instrument and its behavior described. The external black body
was centered on pixel 1, channel 5, turned off and allowed to reach ambient room
temperature. A time sequence of measurements were collected for ∼ 9 hours where
the only source of illumination was the ambient thermal emission. The time series
is shown in Figure 5.8. It is clearly seen that the ambient signal exhibits a 2.5%
fluctuation from ∼ 2.37E106 DN to 2.43E106 DN with a periodicity of ∼ 11
2
hours.
The variation of MOPITT-A ambient signal with ambient room temperature is
shown in Figure 5.9. It is readily evident that, as expected, the ambient thermal
emission measured by MOPITT-A is well correlated with ambient room temperature,
which is controlled by a standard air conditioning unit. There is significant hysteresis
in the relationship suggesting slight time lags between the temperature variation of
the thermistor measuring ambient room temperature and the primary sources of
ambient thermal emission, e.g. the walls. The bottom half of the hysteresis curve
contains points for increasing room temperature while the upper half contains points
for a decreasing room temperature.
The signal due to ambient thermal emission was continuously monitored using
the manual shutter attached to the external black body. When the shutter was
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Figure 5.8: Comparison of the MOPITT-A measured background signal (red) and
the optical laboratory ambient temperature (blue) to show the sensitivity of the
measured signal to fluctuations in the surrounding temperature.
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Figure 5.9: A hysteresis effect shown through comparison of the measured back-
ground signal with respect to the background temperature.
open, MOPITT-A observed signals from both the external black body which was
an approximate point source, and the ambient thermal emission over the entire field
of view. When the shutter was closed, MOPITT-A only observed radiation from
the ambient thermal emission. The system normally alternated between external
black body shutter open and shutter closed states in under two minutes, significantly
shorter than the natural fluctuations in ambient emissions.
5.4 Data Reduction
A typical time series of raw, unprocessed MOPITT-A signals is shown in Figure 5.10.
These data were collected on the afternoon of October 12, 2004 with a pressure of 60
kPa of CO in the LMC and 0 kPa in the external gas-cell. The external black body
was stepped in 25 C increments from 150 C to 500 C over a period of three hours.
Four separate curves can be identified in the figure that correspond to four different
configurations of the instrument.
The lowest curve, curve 1, are measurements collected with the MOPITT-A chop-
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per in the closed position. In this position no external radiation is allowed through
the system. Ideally the output would be zero under these conditions but, in real-
ity, internal thermal glow from the instrument and DC biases within the detector
electronics produce a significant offset in the signal.
The second lowest curve, curve 2, are measurements collected with the MOPITT-
A chopper open but the external black body shutter closed. In this configuration the
MOPITT-A aperture is illuminated with ambient incident thermal radiation from
the surrounding walls. The difference between curve 2 and curve 1 is a direct measure
of the amount of ambient radiation passing through the system.
Curves 3 and 4 are measurements collected when the MOPITT-A chopper is open
and the external black body shutter is open. The steady increases in measured signal
correspond to steady increases in temperature of the external black body. The dif-
ference between these curves and curve 2 is a direct measure of the radiation passing
through the system due to the external black body. There are a few points that are
outliers to any of the 4 curves and these correspond to measurements collected while
the external black body shutter was in transition between open and closed states.
The data reduction followed the outline described earlier in Chapter 4. Raw
data are converted to long-path, L, and short-path, S, signals by subtracting the
closed shutter signal from the open shutter signals, as seen in equations 4.7 and 4.8.
A nearest neighbor technique was used to interpolate the closed shutter signals to
the time of the open shutter signals, which introduces minimal error as we collect
several measurements of each data set per second. The three curves derived from
the analysis of the above data are shown in Figure 5.11, which for all intents and
purposes are essentially the same as the raw data except for removal of a slowly
varying, baseline offset.
The next stage of analysis produces a difference signal, D, by subtracting the
long-path measurements from the short-path measurements, as seen in equation 4.9.
Again, a nearest neighbor approach has been used to interpolate the data sets. The
difference signal produced from the above data sets is shown in Figure 5.12. The
lowest curve on this figure, which corresponds to the difference signal due to ambient
radiation in the room, is not exactly zero, going slightly negative at times. This
creates a paradox, if interpreted literally, as it requires the optical depth of the short
path to be longer than the optical depth of the long path. It is assumed that the
negative result is due to systematic effects within the system that are not yet fully
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Figure 5.10: A typical data set gathered by MOPITT-A on October 12, 2004 for
multiple external black body temperatures. The data states are determined by the
LMC sector state and the chopper state and are shown as ShortOpen (blue), Short-
Closed (red), LongOpen (green) and LongClosed (black). The curves represented
by 1 are the chopper closed states, while curve 2 is the chopper open, black body
shutter closed, and curves 3 and 4 are the chopper open, shutter open for the two
LMC states.
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Figure 5.11: A typical data set of the Short (blue) and Long (red) states determined
through subtraction of the data states with similar LMC states seen in Figure 5.10.
understood.
A single measurement of the difference signal at each temperature setting of the
external black body was generated by averaging the entire set of data points collected
at that temperature with the external black body shutter open. A corresponding
difference signal was generated for the closed shutter position of the external black
body by averaging one minute of closed shutter data, collected immediately after
the shutter was closed. A corrected difference signal was generated by subtracting
the closed shutter difference signal from the open shutter difference signal at each
temperature setting. The three difference signals for the typical data set are shown
in Figure 5.13.
5.4.1 Error Analysis
The error on the raw numbers output from the MOPITT-A is a combination of
several effects: the voltage output from the detectors is a linear function of radiance
incident upon the detector, the quantum efficiency, the voltage fed into the A/D
convertors is a function of the electronic design and finally the number returned
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Figure 5.12: A typical data set of the Difference signal determined through subtrac-
tion of the states seen in Figure 5.11.
from MOPITT-A is, itself, an average of several individual samples quickly collected
by the A-D sub-system and co-added. In principle, it would be possible to evaluate
all of these terms and derive a theoretical error estimate for each raw measurement.
In practice, it is sufficient look at the fluctuations of the raw data while looking at a
steady source under under constant observing conditions.
A high resolution time series of raw data points from the MOPITT-A instruments
are shown in Figure 5.14, which were collected over a 52 second period while the
instrument was looking at the external black body at a temperature of 325 C. All
the data points correspond to both the external black body shutter and MOPITT-
A chopper in the open position. It can be seen that the raw signal varies from a
minimum of 423869 DN to a maximum of 424161 DN, a spread of 292 DN. The
standard deviation of the data points is 124.4 DN, corresponding to 0.03% of the
average value.
A typical variation of the raw signal percentage error with external black body
temperature is shown in Figure 5.15. Generally, the error tends to increase with
increasing external black body temperature. A conservative estimate of the error in
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Figure 5.13: The averaged Difference signal with the black body shutter open data
in blue and the shutter closed data in red. The subtraction of these data sets results
in the average, background corrected Difference signal (green).
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Figure 5.14: A typical measurement set of one black body temperature with the
external black body shutter and optical chopper open.
any one measurement is 0.16%. It is a simple matter to evaluate the error on the
corrected difference signal, described above, as it is generated from the subtraction
of 8 raw signals. Consequently the error in the corrected difference signal, as given
by standard error propagation, is
√
8 × 0.16 = 0.45%. An error of 0.45% has been
assigned to all of the corrected difference signal measurements.
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Chapter 6
Calibration of MOPITT-A
6.1 Introduction
It has been shown in Chapter 4 that the raw signals measured by MOPITT-A can
be reduced to a long path signal, L, a short path signal, S, and a difference signal, D.
Theoretical consideration of the instrument allowed three equations to be developed
that gave L, S and D as integrals of the incoming radiance, I(ν), the passband filter,
f(ν) and the effective LMC gas-cell transmissions, FL(ν), FS(ν) and FD(ν). This is
seen in equations 4.7 to 4.9. In this section, the validity of this theoretical model is
tested using controlled laboratory conditions.
6.2 Measurement of MOPITT-A Gain
The gain of the MOPITT-A instrument is defined as the constant, k, in equations
4.7 to 4.9. For convenience, the equation for the long path signal, L, is repeated here,
L = k
∫
ν
I(ν)f(ν)FL(ν) dν. (6.1)
It is additionally noted that the equations for S and D have a similar form. If there is
no absorbing gas in the LMC gas-cell then FL and FS are unity at all wavenumbers
while FD is zero everywhere. Under these conditions we can write,
L = k
∫
ν
I(ν)f(ν) dν. (6.2)
When the external black body shutter is open the radiation incident upon MOPITT-
A is a combination of the black body radiation IBB(ν) and the ambient room radia-
tion, Iamb(ν). When the external black body shutter is closed the incident radiation
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is only Iamb(ν). Hence,
Lopen = k
∫
ν
[IBB(ν) + Iamb(ν)]f(ν) dν (6.3)
Lclosed = k
∫
ν
[0 + Iamb(ν)]f(ν) dν (6.4)
∆L = Lopen − Lclosed = k
∫
ν
IBB(ν)f(ν) dν, (6.5)
where Lopen is the long path signal with the external black body shutter open and
Lclosed is the long path signal with the shutter closed and ∆L is the difference between
the two. The intensity of radiation exiting the external black body, IBB, at any
specific wavenumber is readily calculated for a given temperature using the Planck
function while the transmission of the pass-band filter, f(ν), has been measured.
Therefore equation 6.5 can be rewritten as,
∆L = kR(T ), (6.6)
where
R(T ) =
∫
ν
IBB(ν, T )f(ν) dν. (6.7)
The function R(T ) is only a function of temperature and can be evaluated numer-
ically using high resolution trapezoidal integration across the passband filter, f(ν).
Equation 6.6 indicates that there should be a straight line relationship between ∆L
and R(T ) with the MOPITT-A gain, k, as the gradient of the line. This equation
provides the basis for measurement and validation of the MOPITT-A gain.
The LMC gas-cell was purged with nitrogen gas and evacuated using the roughing
pump, guaranteeing that the cell contained no absorbing gas. The external gas-cell
was left at atmospheric pressure and was assumed to contain insignificant amounts
of CO. The external black body was aligned with the center of pixel 1 of channel
5. Measurements were acquired as the external black body was slowly stepped from
150 C to 500 C in increments of 25 C. The external black body was allowed sufficient
time, of approximately 15 minutes, to stabilize at each temperature setting before
the shutter was opened and measurements acquired for approximately 1 minute.
Closed shutter measurements were acquired at all other times. The entire process
required about 3-4 hours to measure one curve, most of which was spent waiting for
the external black body to stabilize. The MOPITT-A raw signals were processed,
as outlined in Section 5, to produce long path, L, and short path, S, signals. The
∆L signals were generated from the L signals by subtracting the closed shutter
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Figure 6.1: MOPITT-A observed data (∆ L)plotted against the modelled output
(R(T)). The gradient of the linear fit represents the system gain, k.
measurements from the open shutter measurements. A typical plot of measured ∆L
against R(T ) is shown in Figure 6.1. A least-squares fit of a straight line to the
data, which is also shown in Figure 6.1, produces a gradient, k, of 20.654 and a
y-intercept of -8092.9. Clearly, the straight line fit is in good agreement with the
measurements. Thus, the theoretical description of the instrument for conditions
when there is no absorbing gas in the LMC or external gas-cell, equation 6.6, appears
to be satisfactory.
The same data points are shown in Figure 6.2 where the best fit, straight line
trend has been removed from the measurements. This reveals a small systematic
variation on the order of 1% of the total signal which is slightly larger than the error
on the measurements. The source of this systematic variation is unknown but might
be due to small residual errors in the external black body design and operation as well
as small, time-dependent, variations in the MOPITT-A instrument. For example,
the external black body may not be as stable at higher temperatures.
The de-trended graph clearly identifies one region to the left of the minimum
and another to the right where the gradient is noticeably different. This variation in
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Figure 6.2: The variability of the MOPITT-A gain around a least-squares linear fit,
along with the corresponding point errors.
gradient has been used to estimate the true error in the estimate of the gradient, k,
by fitting one straight line to the first seven data points and another straight line to
the last 6 data points. The first curve yielded a slope of 20.373 while the seconded
gave a slope of slope of 20.848, a difference in slope of 0.475. If is is assumed this
represents the maximal range in gradient value then the error in the nominal gradient
is half of this value. Therefore, it is concluded that the value of gain, k, derived from
this experiment was 20.654± 0.237.
This procedure was repeated again a few days later and resulted in a gain value
of 20.414±0.229, a change of 1.1% which is just within the error bars of the previous
measurement. While this seems to suggest that the MOPITT-A gain is relatively
stable, other measurements presented in later sections suggest otherwise. Conse-
quently, a suitable calibration plan for MOPITT-A would include the measurements
presented in this section to measure the instrument gain, k, in isolation from other
artifacts.
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6.3 Instrument Response with CO in LMC
In the previous section we developed and tested a theory of the MOPITT-A instru-
ment with no gas in either the LMC or external gas-cell. In this section we introduce
CO gas into the LMC and test the instrument theory under these new conditions.
Inserting an absorbing gas into the LMC, differentiates the long path signal from the
short path signal and the difference signal, D, is no longer zero. This can be seen
mathematically in equation 4.9, which is repeated here,
D = k
∫
ν
I(ν)f(ν)FD(ν) dν, (6.8)
where the difference filter, FD(ν), as given by equation 4.12, is
FD(ν) = e
−τS(ν) − e−τL(ν). (6.9)
A new set of measurements were collected in similar manner to those from the
previous section. The external black body was located at the center of pixel 1. The
external gas-cell was filled with air at atmospheric pressure and assumed to be devoid
of absorbing gas. The LMC was initially purged with nitrogen to scrub any residual
gases and promptly filled with CO to the required pressure. For each pressure setting
in the LMC, the external black body was stepped from 150 C to 500 C in 25 C
increments. After the external black body temperature had stabilized, MOPITT-A
measurements were collected for one minute with the external black body shutter
open. All other measurements were made with the external black body shutter
closed. The corrected difference signal, D, was created using the data reduction
scheme described in Chapter 5. The pressure in the LMC was monitored with the
calibrated pressure transducer while the temperature of the LMC was monitored
with a MOPITT-A housekeeping thermistor. The CO pressure in the LMC was
stepped from 40 kPa to 80 kPa in 10 kPa increments, resulting in 5 discrete data
sets.
The optical depths, τS and τL in equation 6.9, were determined using the mea-
sured LMC temperature and pressure as well as the known LMC cell geometry
and CO molecular absorption cross-sections. The temperature and pressure were
combined via the ideal gas-law to give the molecular number density in the cell.
The molecular absorption cross-sections were taken from the HITRAN database and
combined with the pressure and temperature information to yield line-broadened
spectra. The cell-geometry was known from the instrument design. Consequently,
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Figure 6.3: The variation of the corrected difference signal, D (blue), with temper-
ature as measured by MOPITT-A on October 13, 2004. The LMC pressure was
70 kPa. The solid line shows the best fit curve derived with an instrument gain of
21.608 and an LMC pressure of 70.0 kPa.
it was possible to evaluate FD(ν) for a given LMC pressure and temperature at any
wavenumber.
The theoretical value for the corrected difference signal was derived by numeri-
cally integrating equation 6.8 across the bandpass filter using high resolution trape-
zoidal integration. It was quickly determined that good agreement between mea-
surements and modelled results could not be achieved unless the value of instrument
gain, k, was fitted to each set of temperature scan measurements. It was also found
that a significantly better fit, in a least-squares sense, could be achieved by slight
modification of the pressure value used in the LMC. Consequently, an algorithm was
built to search the parameter space of instrument gain, k and LMC pressure, p, for
the best least squares fit of the theoretical model to the corrected difference signal.
The pressure transducer reading was taken as the initial estimate of the LMC pres-
sure for the search algorithm while the initial estimate of instrument gain was the
average value of the measured corrected difference signal divided by the integral in
equation 6.8.
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Figure 6.4: The MOPITT-A instrument response residual with corresponding error
from the data set measured on October 13, 2004.
A typical example of a measured, corrected difference curve is shown in Figure
6.3 together with the least squares fitted curve. It is readily apparent that the fitted
curve is in excellent agreement with the measurements. This is confirmed when the
residuals of the measurements of the curve are compared to the measurement error
bars, seen in Figure 6.4. The majority of the measurement points are within one
error bar from the fitted curve, suggesting that the fit is free from systematic error.
In reality, minor systematic errors exist in the measurement of the MOPITT-A state
parameters such as LMC pressure, temperature and instrument gain as well as the
HITRAN absorption cross-sections. However, it appears that all of these minor
systematic effects, which are difficult to quantify, can be adjusted for by searching
the least-squares space for the best fit parameters.
The above least squares algorithm was applied to all five sets of corrected differ-
ence signals, collected for different pressures of CO in the LMC gas-cell. A summary
of the results is shown in Table 6.1. The results show that the LMC pressure occa-
sionally required minor adjustment by the least squares algorithm, on the order of
0.5 kPa, but frequently required no modification at all, suggesting that the pressure
transducer and other instrument state measurements were well calibrated. On the
other hand, the instrument gain shows considerable fluctuation varying from 20.787
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Date Parameter Initial Fitted
Value Value
2004/10/12 LMC Pres 60.0 60.5
Gain 21.321 20.821
2004/10/13 LMC Pres 70.0 70.0
Gain 21.808 21.608
2004/10/14 LMC Pres 40.0 40.0
Gain 22.048 21.548
2004/11/22 LMC Pres 50.0 50.0
Gain 21.187 20.787
2004/11/23 LMC Pres 80.0 79.0
Gain 22.183 22.283
Table 6.1: Measured and modelled results for the MOPITT-A instrument response
experiments.
to 22.283, corresponding to a 7.2% variation.
The exact cause of this variation has not been fully diagnosed but it is suspected
that ice buildup on the detector surface may be playing a significant role. Curiously,
the instrument gain appears to be stable during any particular set of measurements,
each lasting 3 to 4 hours in duration, but shows significant variation from one day
to the next. This may be due, in part, to the fact that the detector nest was always
evacuated with the pumping station prior to each experiment, thus changing the
conditions in the nest from one experiment to the next. At the current time more
work would be required to fully diagnose this situation.
In this section we have shown that it is possible to accurately model the behavior
of the MOPITT-A instrument when the LMC gas-cell is filled with an absorbing gas
and the front aperture is illuminated with a black body source. It has been shown
that an algorithm that searches the least squares space can readily find parameters
for instrument gain and LMC pressure that provide an accurate description of the
actual measurements.
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6.4 Instrument Response with a Simulated Atmo-
spheric Signal
The previous two sections have shown that the theoretical model of the MOPITT-A
instrument can successfully predict and calibrate the measured response of the in-
strument when it is illuminated with a black body source. While these measurements
are sufficient for calibration purposes, it is interesting to extend the measurement
set and investigate the accuracy of the model when the instrument is illuminated,
not with a black body source, but a simulated, atmospheric CO absorption signal.
The simulated atmospheric signal was generated by passing black body radia-
tion through the external gas-cell which was filled with CO at selected pressures.
The CO gas in the external gas-cell imposed absorption features onto the spectrum
before entering the MOPITT-A, effectively simulating an atmospheric signal. Four
pressures of pure CO in the external gas-cell were investigated, 20 kPa, 40 kPa, 60
kPa, and 80 kPa. The MOPITT-A corrected difference signal, D, was measured as a
function of black body temperature for each pressure setting in the external gas-cell
by stepping the black body temperature from 200 C to 500 C in steps of 100 C. The
LMC was purged with nitrogen, evacuated and promptly filled with CO to a pressure
of 80 kPa which was chosen to simulate observations probing the lower troposphere.
Theoretical modelling of the difference signal, D, still required numerical integra-
tion of equation 6.8. However, the radiation incident upon the instrument aperture,
I(ν), was no longer a pure black body Planck function, as used in earlier sections, but
a Planck function propagated through a homogeneous, absorbing layer, as described
in equation 3.13. The optical depth of the external gas-cell filled with CO was read-
ily computed using the physical dimensions of the cell, the measured pressure and
temperature and the HITRAN absorption cross-section database.
Similar to the previous section, it was found that the fit could be significantly
improved if the least squares space was searched for optimal parameters. In this case
there were three parameters to search: instrument gain, LMC pressure and external
gas-cell pressure. However, it was found sufficient to hold the pressure of the LMC
fixed at 80 kPa and only search the least squares space for instrument gain, k, and
external gas-cell pressure.
The four curves of instrument response to simulated atmospheric signal are shown
in Figure 6.5. It is seen that the corrected difference signal systematically decreases
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Figure 6.5: The MOPITT-A response to simulated atmospheric signals. The varia-
tion of corrected difference signal with black body temperature is shown for 4 different
pressures of pure CO in the external gas-cell. The markers indicate the measured
difference signal while the solid lines indicate the modelled instrument response.
as the pressure of CO in the external gas-cell is increased. This is consistent with the
external gas-cell being cooler than the hot black body source and absorbing radiation
from the beam. The fitted, modelled signal is also shown and is seen to be in good
agreement. The fitted values of instrument gain and external gas-cell pressure for
each curve are tabulated in Table 6.2.
Similar to the previous section, it can be seen that the fitted value of pressure
is quite close to the measured value while the instrument gain shows considerable
variation from data set to data set. However, the instrument model does seem to
provide an accurate description of the instrument as long as the proper values for
gain and pressure are used.
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Date Parameter Initial Fitted
Value Value
2004/11/29 EGC Pres 80.0 80.0
Gain 25.748 25.448
2004/11/30 01 EGC Pres 60.0 61.0
Gain 24.735 25.135
2004/11/30 02 EGC Pres 40.0 39.5
Gain 23.862 23.362
2004/11/30 03 EGC Pres 20.0 20.0
Gain 22.631 22.531
Table 6.2: Measured and modelled results for the MOPITT-A atmospheric response
experiments.
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Chapter 7
Summary and Conclusions
7.1 Summary of Present Work
This work has shown that controlled laboratory measurements collected by the
MOPITT-A instrument are consistent with a theoretical model, as long as a few key
instrument parameters are adjusted to fit the data. This verifies that the MOPITT-A
instrument continues to work within acceptable operational limits and indicates that
constant calibration of the system is an essential component of routine operations.
The theoretical model was developed by combining the theories of radiative trans-
fer and correlation spectroscopy. Radiative transfer theory was used to calculate the
propagation, absorption and emission of light through the atmosphere, or in the case
of the laboratory setup, an external gas-cell. A single layer model, suitable for the
external gas-cell or small atmospheric altitude range, was developed by application
of Beer’s Law, the principle of detailed balance and the Schwarzschild equation. The
propagation of signal through an extended altitude range was modelled by stacking
multiple single layers in succession to mimic a multiple layer atmosphere. The hot
surface of the Earth was used as the initial light source when modelling atmospheric
signal while the temperature of an external black body was used when modelling the
laboratory conditions.
The theory of correlation spectroscopy was developed and it was shown that the
raw MOPITT-A measurements could be split into long path and short path signals.
This allowed a difference signal to be determined which was related to the magnitude
of CO spectral signature in the incoming atmospheric signal. Controlled laboratory
measurements were made using an external gas-cell to emulate the atmospheric signal
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and an external black body as a controlled light source. The inferred difference signals
were in excellent agreement with theory as long as we adjusted the MOPITT-A gain
for a good fit. Acquisition of high quality, difference signals required careful analysis
of the raw data collected for different LMC gas cell states, optical chopper states
and black-body shutter states.
A controlled laboratory environment was constructed to ensure that specific mea-
surement conditions were repeatable. A custom table was built for the external black
body that permitted precise movement in both the horizontal and vertical directions.
Mounting brackets were constructed for both the external gas-cell and external mir-
ror, ensuring precise positioning of these items. The pressure transducer, used to
measure the pressure in various components within the system, was calibrated using
a mercury manometer, which provided pressure measurements considerably more
accurate than the manufacturer’s calibration curve. The instrument’s field of view
was mapped out and the black body precisely placed at the centre of one of the
detector’s pixels. The gain of the MOPITT-A system was inferred from several sets
of measurements which were collected after all absorbing gases (CO) had been re-
moved from both the external gas-cell and LMC. Each set of measurements were in
good agreement with the theoretical model and allowed a precise measurement of
the instrument gain. Curiously, the inferred MOPITT-A gain changed value between
different sets of measurements but was constant during any given set, as implied by
the good agreement with theory.
The performance of the MOPITT-A instrument under operational conditions was
evaluated using the external black body as a light source and the external gas-cell
to simulate atmospheric absorption. Again there was very good agreement between
the MOPITT-A measurements and the theoretical model, as long as the gain of
the instrument used in the theoretical model was allowed to vary from one set of
measurements to another. The pressure employed in the least squares fit was also
allowed to vary but this normally required very minor correction and usually returned
a result very close to the pressure transducer reading.
It was readily apparent that the MOPITT-A instrument was consistent with
the theoretical model but the gain of the system detector varied from one set of
measurements to another. The source of the gain variation was not identified and is
left as a task for future work. At the current time it is suspected that the variation of
gain may be due to frosting on the detector’s front surface. The variation in gain due
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to this phenomenon would be attributed to the fact that the detector nest was always
evacuated with the rouging pump prior to any given set of measurements, inherently
changing the conditions within the nest. Frosting effects were also suggested by the
SAFARI campaign team as a possible source of signal contamination. It is noted
that the gain appears to be constant for any given set of measurements. If it was not
constant then we could not get good agreement between theory and measurement.
This probably excludes the notion of gain variation due to variability of the pre-amps
and A/D system as these components would have no inherent synchronization with
the different sets of measurements.
7.2 Recommendations for Future Works
The largest issue found while evaluating the MOPITT-A performance was the vari-
ability of the detector gain. Therefore, an in-depth analysis to determine the cause
of the variability in the gain is recommended. Hopefully, this study would both
determine the cause and offer a solution to the variability. In the meanwhile, it is
absolutely essential that the MOPITT-A gain be constantly monitored during any
operational measurements. This should be possible using the three internal BOMEM
black bodies as long as it can be ensured that they are stable, a significant issue dur-
ing the SAFARI campaign. It is also recommended that the external gas-cell and
black body be used both before and after a set of measurements to validate the
instrument gain.
One of the major drawbacks associated with the data gathering completed in this
thesis was the large amount of time required for the external black-body to stabilize
at each temperature. The ability to rapidly change between several known, fixed ra-
diances would decrease the acquisition time of one set of measurements from several
hours to a few minutes. In addition, it is recommended that a pressure transducer
be supplied exclusively for the LMC. This would provide continuous pressure mea-
surement during data gathering, which would permit more accurate modelling and
diagnostics.
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